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Abstract
Uranium concentrations and ^ U  /^*U isotope ratios were determined for over 100 
springs, wells and surface waters in areas on and surrounding the historical nuclear 
weapons testing range in southern Nevada, the Nevada Test Site (NTS). Uranium 
concentrations were less than 2 ^g/liter in the Spring Mountains, where ground water 
enters the system, and between 2.5 and 5 //g/liter in waters discharging from the major 
springs at Ash Meadows, Nevada and the Death Valley-Fumace Creek area of 
southeastern California. Slightly higher levels of dissolved uranium (6 -15  xg/liter) were 
associated with the weathering of susceptible rocks and the concentration of ground 
water by evaporation. The average concentration of uranium in ground water was
3.03 Mg/liter (s.d. 2.1) and the highest measurement recorded was 69 ± 5.8 /ig'liter in 
water collected from Lower Pahranagat Lake in Lincoln County, Nevada. Uranium 
isotope ratios, (^*U/“ *U), ranged from close to one at NTS Well UE-6E (1.04 = 0 21 ) 
to more than seven at NTS Well J-13 (7.58 ± 0.24). Isotope mixing diagrams suggest 
that about 70 percent of the water discharging from the regional springs at Ash 
Meadows in the southern Amargosa Desert may come from the nearby Spring 
Mountains, with the remainder possibly coming from the Hiko-Pahranagat region, 
northeast of the NTS. This is in agreement with earlier findings. Spring discharge in 
southern Death Valley is also related to regional ground water movement. Using data 
collected in this study, it is estimated that 80 percent of the water in southern Death 
Valley is a result of underflow from the Ash Meadows region to the east, while as much 
as 20 percent may originate from other areas.
Ill
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CHAPTER 1 
INTRODUCTION
This report summarizes the results of a study of dissolved uranium concentrations and 
^ U  / ^*U isotope ratios in the waters of the extensive Paleozoic limestone aquifer 
underlying much of southern Nevada and southeastern California (Figure 1). Uranium is 
potentially an excellent tracer of ground water movement because of its high solubility, 
insensitivity to chemical reactions, long radioactive half-life, and natural variability in the 
waters of this region (Osmond and Cowart, 1976; Cowart, 1979, 1980; Ivanovich and 
Harmon, 1992). The purpose of this investigation is to identify and describe areas in the 
extended Ash Meadows hydrological sub-basin where chemically distinct waters mix 
and, to the degree possible, develop a relationship between typical uranium “signatures” 
found in ground water and the volcanic and carbonate rocks and sediments that make up 
the primary water-bearing units in this region.
Dissolved uranium concentrations, in pg / liter, and ^ U  / “ *U isotope ratios were 
determined by alpha spectroscopy for more than one hundred sampling locations on and 
near the nuclear weapons testing range in southern Nevada, the Nevada Test Site (NTS). 
This included water samples from numerous high-flow perennial springs in the major 
recharge and discharge zones of this region and over thirty monitoring and water supply 
wells on the NTS. Understanding the hydrology of this region is of continuing interest 
because ground water flowing beneath the NTS represents the most likely path for the 
migration of man-made radionuclides into the environment.
R eproduced  with perm ission o f th e  copyright owner. Further reproduction prohibited without perm ission.
i i r 116*
NEVADA I
a n§ ilotaU >JArea of detail
N Y E
Warm SpringsTonopah
L I N C O L NNellis
Goldfield
Lida*i
Junction
Alamo
Scot^'s® -  
Junction
Springs"
C L A R K
Las Vegas
50 MILES X  
I \
Pahrump
75 KILOMETERS
Figure 1. Location of the study area in southern Nevada and southeastern 
California. Shading shows the combined ground water domain o f the three 
hydrological sub-basins discussed in the text and the location o f the Nevada Test Site, 
(sub-boundaries not shown). The total area extends -  18,000 knf.
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1.1 SETTING OF STUDY AREA
The majority of the waters investigated are part of the Ash Meadows sub-basin 
(Figure 2), a dominant hydrological feature in southern Nevada both in size and the 
control it exerts over regional ground water movement (Winograd and Thordarson,
1975; D udl^ and Larson, 1976; Waddell, 1982). Precipitation enters the system at 
elevation in the northern and eastern parts of the study area and discharges from a series 
of springs directly south of the NTS at Ash Meadows in the south-central Amargosa 
Desert (Figure 2). Ground water also leaves Ash Meadows by underflowing the Funeral 
Mountains, west o f the spring line, and through evaporation at the surface (Winograd 
and Thordarson, 1975). Current estimates suggest that spring flow at Ash Meadows and 
evaporation within the rest of the Amargosa Desert accounts for as much as three 
fourths of the 35,000 acre-feet (4x10’ m̂ ) of ground water discharging each year in this 
region (Yucca Mountain Site Characterization Plan, 1988).
Two smaller hydrological sub-basins, the Alkali Flat - Furnace Creek Ranch and 
Oasis Valley sub-basins, lie adjacent to the western boundary of the Ash Meadows sub­
basin. Ground water in the Alkali Flats - Furnace Creek Ranch sub-basin discharges at 
the surface from playas in the north-central Amargosa Desert and flow terminates near 
Death Valley Junction in southeastern California. The smallest of the three sub-basins, 
the Oasis Valley sub-basin, drains towards the northern end of the Amargosa Desert.
Figure 2 shows the approximate boundaries of the three hydrological sub-basins in 
this region. Their combined areas make up a significant portion of the Death Valley 
Basin described in Waddell (1982) and Waddell and others (1984). The Death Valley 
region lies below sea level and is the ultimate sink for ground water flow from the 
surrounding areas.
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Figure 2. Approximate boundaries of the three major ground water sub-basins in 
southern Nevada and southeastern California. Ground water movement is generally 
to the south and southwest in the upper portions o f the sub-basins, or recharge areas, 
and to the west near discharge zones in the south (Winograd and Thordarson, 1975). 
Also shown are the major areas investigated in this study: Hiko-Pahranagat region. 
Spring Mountains, Ash Meadows discharge area. Furnace Creek discharge area 
(S. Death Valley), Alkali Flat, Funeral Mountains and the Nevada Test Site (modified 
from DOE /Annual Site Environmental Report, 1994).
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Ground water flowing through the deepest and most extensive hydrological unit of 
the Ash Meadows sub-basin, the lower carbonate aquifer, connects at least ten 
topographical basins into a single, regional-scale hydrological system of nearly 12,000 
km .̂ Younger, tuffaceous volcanic rocks because of their lower permeability and 
stratigraphie position often separate and isolate the deep regional aquifer from local 
volcanic and valley-fill aquifers.
In general, extensively fractured and faulted Paleozoic carbonates act as conduits for 
the movement of ground water and have the greatest regional extent, while Cenozoic 
volcanic deposits and valley-fill sediments are poorer aquifers and may impede flow 
(Winograd and Thordarson, 1975). Older non-carbonate and crystalline Precambrian 
rocks form a hydraulic basement beneath the entire study area.
The interbasin movement of ground water beneath topographical divides was initially 
proposed by early researchers to explain the existence of high flow springs in extremely 
arid regions and balance water budget calculations between widely separated basins. 
Early hydrological investigations in southern Nevada were carried out by researchers 
from the Nevada Department of Conservation and Natural Resources and the United 
States Geological Survey (USGS) and are summarized in Eakin (1976). Subsequent 
research identified the importance of high volume flow through the lower carbonate 
aquifer to regional ground water movement (Eakin and Winograd, 1965; MifiQin, 1968; 
Mifflin and Hess, 1979).
About half o f the 3,500 km  ̂nuclear weapons testing range in southern Nevada, the 
Nevada Test Site (NTS), lies within the boundaries of the Ash Meadows sub-basin 
allowing the possibility that radioactive contamination may be carried off the site by the
R eproduced  with perm ission o f th e  copyright owner. Further reproduction prohibited without perm ission.
circulation of ground water. To date, radioactive contamination has not been detected in 
the ofifsite wells and springs routinely monitored for tritium and gamma emitting 
radionuclides by the Environmental Protection Agency (personal communication M. 
Davis, EPA, (LTHMP) Long Term Hydrological Monitoring Program, 1995).
1.2 PURPOSE AND GOALS
The purpose of this investigation is to reconfirm and extend the use of naturally 
occurring variations in the isotope ratio, or uranium disequilibrium, as a
chemical indicator for identifying isotopically distinct ground water masses. Specifically, 
dissolved uranium concentrations were determined for the major springs at Ash 
Meadows in the south-central Amargosa Desert of Nevada, the adjacent Death Valley - 
Furnace Creek region of California, and the Hiko-Pahranagat region, northeast of the 
NTS. Related samples were collected fi-om other regions of the Amargosa Desert, 
within the boundaries of the NTS, northern Death Valley, and fi’om the eastern slope of 
the Spring Mountains (Figure 2).
The Ash Meadows springs lie within a potentiometric low, or “trough”, where 
regional ground water flow intersects a major hydrological barrier in the sub-surface. 
Water forced to the surface along the structural barrier at Ash Meadows is representative 
of chemically mature water in the lower carbonate aquifer of this region. Spring flow 
fi-om Texas, Nevares, and Travertine springs in the topographic basin west of Ash 
Meadows is also believed to be related to the regional system (Winograd and 
Thordarson, 1975). Using two and three component mixing models, the relative 
proportions of the source waters making up the flow to these two important ground 
water discharge zones are determined and the results presented in this thesis.
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The information collected for this study was also used to develop a preliminary 
classification scheme relating uranium signatures in ground water to the hydrogeological 
(lithostratigraphic) units found in the Ash Meadows Basin. A hydrogeological unit is 
defined by Bates and Jackson (1980) as a geological unit with consistent hydraulic 
properties such that the unit may be classified as an aquifer or a confining layer, or a 
combination o f both, and forms the framework for a reasonable distinct hydraulic system. 
In most cases, hydrogeological units can be correlated with either lithologie or 
stratigraphie divisions. The correlation between aquifer lithology and dissolved uranium 
“signatures” is developed graphically from a plot of all the data compiled during the 
course of the this study and earlier investigations by the author.
A final goal was to compare the data collected in this study to the findings of 
previous investigators (Cowart, 1980; Holloway, 1989; Thomas, 1991; Hershey and 
Mizell, 1994). Uranium data from each of the various sources were tabulated to examine 
time-dependent changes in geochemistry and, secondarily, to assess the reliability and 
accuracy of the analytical methods used.
The remaining sections of this chapter present the justification for the study and 
describe the hydrogeological setting of this region. Because ofthe enormous amount of 
published work relating to the historical use of the site as a nuclear weapons testing 
range and ongoing site characterization for the proposed storage of high-level nuclear 
waste by the Yucca Mountain Project (YMP), the background information presented 
here is necessarily an overview. Detailed descriptions of the hydrogeology and geology 
of this region can be found in Winograd and Thordarson's 1975 report (USGS 
Professional Paper 712-C) and the Yucca Mountain Site Characterization Plan (January, 
1988).
R eproduced with perm ission o f th e  copyright owner. Further reproduction prohibited without perm ission.
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The chapters following the introductory material present the theoretical basis for the 
use of uranium as a ground water tracer, the methods used to collect and analyze the 
samples, and the design of the study. Results and conclusions are discussed in the last 
chapter along with some possibilities for future investigations.
1.3 JUSTIFICATION
The analysis of trace chemical constituents in ground water was an important part of 
early hydrological investigations at the NTS (Schoflf and Moore, 1964). Since then, 
researchers have used a variety of naturally occurring stable and radioactive isotope 
systems to define hydrological inputs to the regional aquifer, ground water ages, flow 
paths, and mixing regimes (Winograd and Friedman, 1972; Winograd and Thordarson, 
1975; Cowart, 1980; Peterman and others, 1992, Ludwig and others, 1994, 
unpublished.; Johannesson and others, 1995). Correlation of trace element data with 
more traditional geological and hydrochemical assessments can often provide 
independent confirmation of those interpretations and fi'equently reveals new aspects of 
complex ground water interactions.
Uranium concentrations in a number of these springs have been reported by Cowart 
(1980), Holloway (1989) and, Ludwig and others (1994, unpublished), however, the 
current study is the most extensive recent investigation of the Ash Meadows 
hydrological basin using uranium as a geochemical tool. This type of detailed 
geochemical information may reinforce earlier findings and help refine aspects of the 
existing regional ground water model.
R eproduced  with perm ission o f th e  copyright owner. Further reproduction prohibited without perm ission.
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Potential uses of these data include the estimation of relative flow volumes, or
boundary conditions, in portions of lower carbonate aquifer and the classification of
waters based on their uranium geochemistry. Results fi-om conceptual models of the 
regional flow system suggest that the hydraulic properties of the individual sub-basins are 
extremely sensitive to small changes in recharge and discharge volumes (Waddell, 1982; 
Czamecki and Waddell, 1984; Czamecki, 1985; Kirk and Campana, 1988). Also, the 
correlation of uranium “signatures” with hydrogeological units may allow a first 
approximation of the aquifer rock for distinct ground water components. This could be 
especially useful in areas where direct geophysical methods of aquifer characterization 
have either not been applied or are difiScult to interpret due to the complex geology of 
this region.
Earlier investigations provided the fi-amework for this study and were invaluable in 
both the selection of sampling locations and interpreting the data. Winograd and 
Thordarson’s comprehensive review of the hydrogeology and hydrochemistry of the 
south-central Great Basin, cited earlier, is the basis for the selection of sampling sites as 
well as the delineation of ground-water regimes in the study area (Winograd and 
Thordarson, 1975). Recent investigations by Ludwig and Peterman of the USGS aided 
in the recognition of geochemical trends and the division of the study data into 
hydrochemical groups (Ludwig and others, 1994, unpublished.; Peterman and others, 
1992).
A significant portion of an earlier uranium isotope investigation of the Ash Meadows 
discharge zone, by J. B. Cowart and J. K. Osmond of Florida State University in 
Tallahassee, Florida, was repeated to examine changes in dissolved uranium signatures
R eproduced with perm ission o f th e  copyright owner. Further reproduction prohibited without perm ission.
1 0
that may have occurred with time (Cowart, 1979, 1980; Osmond and Cowart, 1992). 
Osmond and Cowart’s mixing diagram for the Ash Meadows discharge field was 
published approximately fifteen years ago and more recent data from the same locations 
may provide information on the stability of dissolved uranium concentrations in the 
Paleozoic caifronate aquifer of southern Nevada.
The persistence of stable uranium “signatures” on a time scale of decades would tend 
to support the use of uranium signatures to model ground water flow patterns in this 
region, and potentially, other carbonate flow systems. Studies of dissolved uranium 
geochemistry in steady-state aquifers suggest that changes in dissolved uranium 
signatures may occur when aquifers are stressed by excessive ground water withdrawals 
(Ivanovich, 1982). In theory, changes in flow dynamics caused by ground water 
withdrawal disrupts the geochemical processes responsible for non-equilibrium trace 
element signatures.
Assuming this is the case for ground water flow in the Ash Meadows Basin, uranium 
signatures could serve as a benchmark of current aquifer conditions and, potentially, as a 
sensitive indicator to assess the effects of future ground water uses.
1.4 GENERAL BACKGROUND
The area studied lies within the south-central part of the Great Basin, part of the 
Basin and Range Provence of the Western United States. This region is characterized by 
generally northeast to southwest trending fault-block mountain ranges separated by 
valleys filled with Cenozoic sediments (Clark and Steam, 1960). Ranges typically have 
elevations between 2,000 m and 3,000 m. Valley bottoms lie 600 m - 1,200 m lower and 
are partly filled with sediments eroded from the surrounding ranges. (Fetter, 1994).
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The underlying geology of this region is largely derived from the accumulation of 
marine carbonate and clastic sediments during the late Precambrian and Paleozoic ages 
and subsequent intrusive and extrusive volcanic episodes related to tectonic activity in 
the Great Basin. Primary deposition of marine sediments occurred on the margin of 
western North America in a shallow sea environment (miogeoclinal belt of the Paleozoic 
Cordilleran margin). After deposition, several periods of accretion and compressional 
deformation occurred during the late Paleozoic and Mesozoic eras. Recent extension, or 
thinning, of the crust in the last 17 million years has formed the uplifted and fault- 
controlled Basin and Range topography typical of this region and most other areas of the 
Great Basin (Clark and Steam, 1960). Although there are a number of theories for the 
creation of the basin and range structure, one of the most plausible is crustal upwelling 
related to the heat generated by the subduction of Pacific plate, downward, beneath this 
region (Fiero, 1986).
No perennial streams or rivers are found in the region and annual precipitation 
ranges from 7 cm - 15 cm in the valleys to a maximum of 75 cm at the highest elevations 
of the Spring Mountains (elev. ~ 3,350 m). The majority of the sparse precipitation falls 
during the winter months with a secondary peak, associated with convective storms, 
occurring in the summer. Due to lower temperatures, winter precipitation is generally 
more effective at recharging ground water reservoirs, however, there is evidence that 
limited recharge may occur during the sununer in the Spring Mountains (Hershey, 1991). 
Death Valley, at the western edge of the study area, is one of the most arid spots in the 
world, receiving less than 4 cm of precipitation annually (Winograd and Thordarson, 
1975; NOAA, June 1982).
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Description of the Ash Meadows Hydrological Sub-basin
The Ash Meadows sub-basin covers approximately 12,000 km  ̂and is the largest 
system of vertically and horizontally interrelated aquifers in southern Nevada. It is 
bounded by the Spring Mountains in the south, the Sheep Mountains on the southeast, 
and western Jackass Flats and the Belted Range on the southwest. The northeastern 
boundary is not well defined, and may extend above the Pahranagat valley in the 
underlying Paleozoic carbonate strata, roughly following the prehistoric White River 
drainage channel (Figure 2).
Shafts drilled for oil exploration have detected fi-esh water circulation at depths of 
more than 3,000 m in some areas (Winograd, 1982). Ground water flow paths can 
extend over tens, or possibly even hundreds, of kilometers (Winograd and Thordarson, 
1975). Proximal recharge areas include the southern ends of Kawich and Belted Ranges, 
Pintwater Range, and the Spring Mountains. Recharge may also enter the system in 
Coal and Garden Valleys, north of the Pahranagat range. Total recharge to the regional 
system is about 77,000 acre-feet per year (~ 7 x 10® m )̂ (Dettinger, 1989). Figure 3 
shows the major geological and hydrological features of the Ash Meadows sub-basin.
Previous investigations of the Ash Meadows sub-basin have defined two major 
ground water components; one at the eastern edge of the Ash Meadows system which 
flows almost directly south towards Lake Mead and the Colorado River (White River 
drainage, Eakin, 1963) and the other underflowing the southeastern comer of the NTS, 
ultimately discharging fi-om springs at Ash Meadows in the Amargosa Desert (Figure 3). 
The area above the division into the “Lake Mead” and “Ash Meadows” ground water 
components has been called the “central corridor” for ground water movement in east- 
central Nevada (Dettinger, 1989) (Figure 3).
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1.5 REGIONAL HYDROGEOLOGY
Reviews of the hydrogeology and hydrochemistry of this region have been published 
by Mifflin (1968); Fiero (1974); Winograd and Thordarson (1975); Mifflin & Hess 
(1979); Waddell (1982); Waddell and others (1984); Yucca Mountain Site Plan (March 
1988); Dettinger (1989); Classen (1985) and, most recently by, Hess (1992); Chapman 
and Lyles (1993) and Chapman (1994) of the Desert Research Institute o f the University 
of Nevada - Las Vegas. Case studies of the White River system in the northeastern part 
of the study area and Ash Meadows region are contained in Fetter (1994). The 
following discussion is based on a synthesis of this literature.
Overview
The regional aquifer consists of intensely fractured Paleozoic carbonate rocks 
9,000 m - 12,000 m thick overlain by block-faulted Cenozoic volcanic and sedimentary 
strata. The thickness of stratigraphie units generally increases from east to west within 
the study area. For example, the thickness of the late Proterozoic - Paleozoic sediments 
near the Grand Canyon in Arizona increases from about 800 m to over 15,000 m beneath 
the Inyo Range in southeastern California (Clark and Steam, 1960). Precambrian 
basement rock of variable, but generally low permeability, underlies the basins at depth. 
Interbasin movement of ground water occurs via fracture-flow in the widespread 
Paleozoic units of the lower carbonate aquifer and is altered by the presence of 
consolidated sediments and tufraceous confining units. The general direction of ground 
water flow is to the south and southwest of the NTS.
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Hydrogeological Units
Winograd and Thordarsdon (1975) group the numerous geological formations and 
members of the Ash Meadows Basin into ten distinct hydrogeological units. These are 
further sub-divided into two categories; four aquitards, or confining layers which restrict 
ground water movement, and six types of aquifers which are the major water bearing 
units in this region. Tables 1 and 2 summarize information fi'om Winograd and 
Thordarson (1975).
Table 1. Aquitards, or confining units of the Ash Meadows Basin, (summarized 
from Winograd and Thordarson, 1975, pp. CIO - CI6).
Hydrogeological Unit Age Thickness (m) Characteristics
1 Lower Clastic Aquitard Cambrian - 
Precambrian
<3,050 Complex fiactures, nearly imperaieable, 
basement layer in most 
of the region, 
(quartzite, shale, 
sihstone, sandstone)
2 Upper Clastic Aquitard Mississippian 
and Devonian
2,410 Complex fractures, nearly impermeable, 
most important in 
Yucca and Jackass 
Flats on NTS • Eleana 
F. (Argillite, quartzhe, 
conglomerate)
3 Tuff Aquitard Nfiocene and 
Oligocene
610 Low permeability, porosity as high as 
40%, perching layer 
beneath foothills on 
NTS. (Tufiaceous 
sandstone, siltstone, 
mudstone, fieshwater 
limestone: zeolitic or 
clayey)
4 Lava Flow Aquitard Miocene 1220 Poorly connected fiactiucs, low porosity 
and permeahility, 
perching layer in 
foothills of Frenchman 
and Jackass Flats, 
(dactic lava flows, tuff 
and breccia)
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Two categories of aquitards, the lower clastic aquitard and tuff aquitard, have the 
greatest influence on the regional movement of ground water. The lower clastic 
aquitard, because of its low permeability, effectively forms a lower bound or “hydraulic 
basement” for all of the other hydrogeological units. Tuff aquitards separate rocks and 
sediments of Quaternary and Tertiary age from underlying Paleozoic strata.
Table 2. Aquifers of the Ash Meadows Basin, (summarized from Winograd and 
Thordarson, 1975, pp. CI0-CI6).
Hydrogeological Unit Age Thickness (m) Characteristics
1 Lower Carbonate Aquifer Mid. Cambrian 
to Devonian
<4,600 Complex fractures and solution openings, 
supplies major regional 
springs, primary 
porosity low, flow 
through fractures can 
be considerable as at 
Ash Meadows. 
Regionally extensive, 
(limestone, dolomite, 
minor quaizhe)
2 Upper Carbonate Aquifer Permian and 
Pennsylvanian
1,100 Complex fractures, low primary porosity, 
saturated only beneath 
western Yucca Flat 
(limestone)
3 Bedded-Tuff Aquifer Miocene 300 Highly friable, almost no fractures, high 
porosity, minor aquifer, 
(tufraceous sandstones, 
siltstones, mudstones)
4 Welded-Tuff Aquifer Pliocene and 
Miocene
610 Partial to dense welded tu ff secondary jointing 
in densely welded tug; 
primary porosity varies 
3 - 48%. May act as 
"leaky aquitard". (ash 
fall tufis, pyroclastics)
5 Lava Flow Aquifer Pliocene 2,500 Cooling and secondary fractures, low porosity 
and permeability, 
saturated only beneath 
east-central Jackass 
Flat (basalt, rhyolite)
6 Valley-Fill Aquifer Holocene and 
Pleistocene
760 Poorly sorted, poorly stratified, not saturated 
for much of thickness 
at most areas on NTS. 
(alluvium, fluvial, 
frmglomeratc, mudflow 
deposits)
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The lower carbonate aquifer and vailey-fill aquifers are the dominant aquifer-types in 
the Ash Meadows sub-basin. Valley-fill aquifers consist of detrital material eroded from 
the parent-rock of the surrounding range and are common throughout the Basin and 
Range Provence of the western United States. They are characterized by poorly 
consolidated, poorly sorted, sands and gravels of moderate porosity and permeability. 
Cemented caliche layers and lenses in valley-fill aquifers have a local effect on 
hydrological properties. Typically, water is recharged at elevation in the ranges 
surrounding the valley and is discharged through springs, marshes, or playa sediments on 
the valley floor. Each basin forms a closed hydrological system. The valley-fill aquifer in 
the Las Vegas Valley, southeast of the NTS, is an area where the local valley-fill aquifer 
is being utilized for residential water. In addition, several potable water supply wells 
have been developed in valley-fill sediments on the NTS.
Lower Carbonate Aquifer
The most significant water-bearing strata in the regional aquifer system is the lower 
carbonate aquifer. Figure 4 is an idealized vertical cross section of the geological 
formations and hydrological units found in the study area. The lower carbonate aquifer 
lies above the hydrological basement of the lower clastic aquitard and beneath the less 
extensive upper carbonate, volcanic, and valley-fill aquifers. It is comprised of thick, 
stratigraphically continuous, carbonaceous marine shelf sediments deposited during the 
Middle Cambrian and Devonian geological periods. Estimates of the original thickness 
of these deposits suggest as much as 15,000 m of carbonate sediments may have been 
deposited during miogeoclinal sedimentation. Subsequent erosion and deformation have 
greatly reduced the thickness of the original deposits in many areas.
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The saturated thickness of the lower carbonate unit ranges from several hundred 
feet to several thousand feet and adjacent areas are ofren hydrologically connected.
Also, areas of low flow, or stagnant zones, occur at various locations in the lower 
carbonate aquifer. Generally, these are areas Isolated by the juxtaposition of carbonate 
units and low permeability sediments during block faulting. The region north of Indian 
Springs, Nevada is an example of an isolated zone in the carbonate aquifer and also has 
the distinction of being adjacent to one of the areas with the highest flow in the 
carbonate aquifer. Winograd estimates that total flow in the zone of high transmissivity, 
upgradient from the springs at Ash Meadows and northwest of the Indian Springs block, 
must be on the order of 900,000 gpd/ft (gallons per day per foot) or 1 x 10* mVd 
(Winograd and Thordarson, 1975). Transmissivity is defined as the amount of water that 
can be transmitted through a vertical section of unit width extending the frill saturated 
thickness of the aquifer (Fetter, 1994).
The primary, or intergranular porosity, of the lower carbonate unit is quite low; 
however, extensive faulting and folding in this unit have resulted in the development of 
interconnected fractures and solution openings, or secondary porosity. Winograd and 
Thordarson (1975) reported total porosity in well cores from the lower carbonate aquifer 
ranged from 0.4 to 12.4 percent (mean 5.5 percent). The effective porosity, or 
interconnected pore space, averaged roughly half of the total porosity, or about 2 to 3 
percent.
Outcrops of the lower carbonate aquifer occur in several locations in the study area 
including portions of the Sheep Range and Spring Mountains. The exposed portions of 
the lower carbonate aquifer in these two ranges are areas of significant recharge to the
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regional ground water system because of the permeability of fractured carbonate 
deposits. Figure 5 is a schematic cross-section showing the inferred relationship of the 
lower carbonate aquifer to the overlying alluvial and volcanic aquifers and the path for 
interbasin flow.
Spnng 
Discharge
.  t.. '.JyUX. ' _
SAND AND GRAVEL - Valley 
fill aquifer
GROUND-WATER FLOW PATH
VOLCANIC ROCKS - Aquifers and 
aquitards
LOCAL GROUND WATER FLOW PATH
CARBONATE ROCK 
Aquifers C C O RAIN AND SNOW IN MOUNTAINOUS AREAS
NON-CARBONATE SEDIMENTARY 
ROCKS - Impede flow
Figure 5. Schematic of interbasinal flow in the Paleozoic aquifer. Cross-section 
shows the relationship o f the major hydrogeological units in the study area and the flow  
path fo r  interbasinal transfer o f ground water through carbonate rocks (redrawn from  
Dettinger, 1989).
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Regional Discharge
Carbonate-type waters issue from more than thirty artesian springs at Ash Meadows
in the east-central Amargosa Desert. Eleven springs with outflows greater than 100 gpm 
(gallons per minute) make up more than 80% o f the annual discharge at Ash Meadows 
(Figure 6). The Ash Meadows fault trends from southeast to northwest in the valley 
directly north of the Resting Springs range near the California - Nevada border. A total 
of at least 17,000 acre-feet (2 x 10  ̂m )̂ of water per year is discharged along a 
subsurface hydraulic barrier associated with a normal fault in this region. The next 
largest discharge component is évapotranspiration, estimated at 9,000 acre-feet 
(1 X 10’ m )̂ per year for the Amargosa Desert (Winograd and Thordarson, 1975). An 
additional 4,000 to 5,000 acre-feet (6 x 10* m )̂ of water discharges each year from 
springs in the Furnace Creek Ranch region, approximately 30 km west of the major 
springs at Ash Meadows.
Spring discharge in the arid Furnace Creek region of southern Death Valley exceeds 
any reasonable estimate of recharge from precipitation in the 390 km’ topographic basin 
(Winograd and Thordarson, 1975). This suggests that a large portion of the ground 
water discharging in southern Death Valley comes from the surrounding areas. Based on 
the geographical and hydrological setting, the Ash Meadows region, north-central 
Amargosa Desert, and northern Death Valley are the most likely sources of this water.
Aimual discharge from the smallest of the three hydrological sub-basins, the Oasis 
Valley sub-basin (Figure 2) has been estimated at 2,000 acre-feet (2.7 x 10* m’) per year 
(Malmberg and Bakin, 1962).
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Figure 6 . Map of the Ash Meadows springs. Expanded view of the numerous springs 
in the Ash Meadows discharge region shown on Figure 2. Crystal Pool (center) has the 
greatest flow rate (28% of total discharge), followed by Fairbanks Spring at 17 % at 
the top o f diagram. The springs sampled in this study represented 94 percent o f the 
total spring discharge at Ash Meadows. Also shown are discharge temperatures and 
major geological features (from Winograd and Pearson, 1976).
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1.6 NEVADA TEST SITE
Over half o f the 3,500 square kilometer nuclear weapons testing facility in southern 
Nevada, the Nevada Test Site, lies within the confines of the Ash Meadows hydrological 
sub-basin (Figure 2). The testing of atomic weapons in the atmosphere fi'om 1947-63 
and the underground testing program, initiated in 1957, have distributed long-lived 
radionuclides over the surface of the NTS and into the underlying geomedia. It is 
estimated that in excess of 10' Curies (Ci) of radioactive material have been introduced 
into the environment fi'om more than three decades of nuclear weapons testing at the 
NTS (Smith and others, March 1996). (Note: one Curie equals 3.7 x 10’ disintegrations 
per second, or approximately the activity of 1 gram of pure ’’^Ra) (Ehman and Vance, 
1991).
Two areas on the eastern side of the NTS, Yucca and Frenchman’s Flats, have been 
the site of most the 800 underground nuclear tests carried out since 1957. Tests have 
been carried out in the sediments of the unsaturated zone and in saturated volcanic tuffs 
at depths ranging fi'om 180 m to 600 m below the surface. There have also been a 
number of nuclear devices tested in tunnels bored into Pahute and Rainer Mesas in the 
Northwest comer of the NTS. One third of all the underground tests have been at or 
below the static water table (Smith and others, March 1996).
The lateral movement of ground water out of Yucca and Frenchman’s Flats is largely 
restricted by volcanic and clastic aquitards in the surrounding mountain ranges and 
foothills. In contrast, vertical movement of ground water into the underlying lower 
Paleozoic carbonate aquifer is possible in both of the these areas. The vertical movement 
of water is also consistent with the measured hydraulic gradients of wells in Yucca and
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Frenchman’s Flats (Winograd and Thordarson, 1975). One of the strongest pieces of 
evidence that areas on the NTS are hydrologically connected to the regional system is 
the similarity of the measured water table in both Yucca and Frenchman’s Flats. This 
implies that a regional sink is controlling water levels in these two regions. As pointed 
out by Winograd and Thordarson (1975), this is not typical of other basins in this region 
in which large differences may exist in the static water level of the upper valley fill 
aquifers of adjacent basins. As result of this potential pathway there is a concern that 
man-made radionuclides may enter the regional ground water system at some time in the 
future.
1.7 GROUND WATER CHEMISTRY
The value of correlating of hydrochemical data with more commonly measured 
hydraulic and hydrogeological parameters is well established. Schoflf and Moore (1964) 
used the concentrations of the major dissolved cations (sodium, potassium, calcium, and 
magnesium) and anions (bicarbonate, sulfate, and chloride) to describe waters in the 
study area. Similar chemical classifications schemes were developed by Fiero and others 
(1974) to describe the evolution of ground water in central Nevada. Winograd and 
Thordarson (1975) compared the findings of these early investigations to water table and 
flow regime data in the Ash Meadows Basin. Recently, Chapman and Lyles (1993) and 
Chapman (1994) have compiled and interpreted hydrochemical data collected between 
1957 - 1990 fi-om 81 water sampling locations on the NTS.
Chemically distinct ground water types are sometimes called “hydrochemical facies” 
by analogy with geological nomenclature. Three major ground water types, or facies, 
have been defined in the ground water systems of south-central Nevada: (1) a calcium-
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magnesium bicarbonate type (Ca-Mg, HCO3), (2) sodium-potassium bicarbonate (Na-K, 
HCO3) type, and (3) a mixed facies (Ca-Mg-Na-K, HCO3) which represents a blending 
of the first two types (Fiero, 1974; Winograd and Thordarson, 1975). Each chemical 
type can be broadly associated with either carbonate rocks, (Ca-Mg, HCO3 type), 
tufiaceous volcanic rocks, (Na-K, HCO3 type), or valley-fill sediments. Since valley-fill 
sediments may be derived fi’om either of the two major parent-rock types found in the 
study area, or be of mixed origin, they also give rise to any of the three major water 
types.
Chemical weathering is related to the initial acidity of infiltrating water and the 
mineral composition of the solid phase. Precipitation equilibrates with atmospheric CO  ̂
to form carbonic acid which dissociates into bicarbonate and hydrogen ions.
C02(g)+H 2 0 v*H2C03 (1)
H2C0 3 V-H+ + HC03- (2)
HC03-^IT + C03’- (3)
Water in contact with the CO; at a partial pressure of 10'  ̂'  atm, or atmospheric pressure, 
has an equilibrium pH of ~ 5.6 (Drever, 1988). During infiltration water may absorb 
additional, biogenic, CO; fi’om the soil zone. The aggressive chemical nature of water in 
contact with CO; fi-om the atmosphere and soil is responsible the weathering of minerals 
in the unsaturated and saturated zones.
Carbonate-type waters are formed by the dissolution of limestone and dolomite and 
contain Ca’  ̂and Mg’"" ions as primary cations. Ground water in the lower carbonate 
units of the Spring Mountains, flow in the central corridor north and east of the NTS, 
and, near Indian Springs, Nevada are examples of nearly pure carbonate-type waters in
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the study area. Sodium-potassium bicarbonate waters are a result of the contact of 
ground water with rhyolitic volcanic rocks in the study area. Much of the water 
recharged within the volcanic terrain of the NTS and the vail^s bordering the eastern 
site boundary infiltrates through rhyolitic tuffs or tufiaceous sediments where it picks up 
readily soluble Na^ and K* ions.
Mixed waters, or calcium-magnesium-sodium bicarbonate type, can be formed as the 
result of one or a combination of processes. One possible mechanism is the lateral 
movement of ground water through successive carbonate and volcanic rock aquifers. In 
this scenario the replacement of Ca’" and Mĝ "" with Na" and K"" is favored by the ion 
exchange capacity of clays like montmorillonite (Ca’* > Mg’*>K^H*>Na*). Thus, 
calcium and magnesium decrease along the flow path and sodium and potassium 
increase. A second possibility is the direct addition of volcanic-type waters to the 
carbonate system via downward leakage fi-om overlying tuff aquifers. Regional 
carbonate springs discharging at Ash Meadows contain significant amount of sodium and 
are an example o f a mixed water type in the study area.
Two minor hydrochemical facies have also been described; a playa type, which is the 
result of evaporative concentration in discharge zones, and a sodium sulfate type 
(Na-SOg) derived fi-om the contact of ground water with highly soluble gypsum 
deposits. Neither of the minor hydrochemical facies has a wide distribution in the study 
area. The chemical composition of the playa facies is quite variable depending on the 
water supply source and other environmental factors. Sodium sulfate type waters are 
found in only a few locations in the study area, most notably Nevares Spring in the Death 
Valley - Furnace Creek region.
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1.8 SUMMARY
Potentiometric surfaces, static water levels, water chemistry, and trace element data 
all support the generalized flow pattern for ground water in this region. Significant 
hydrological inputs to the regional system include ground water entering fi'om the north 
through extensive Paleozoic carbonate units, recharge in Pahranagat, Delamar, Coal, 
and Garden Valleys, northeast of the Nevada Test Site, and water entering the system at 
elevation in Spring Mountains and possibly the Sheep range.
Primary discharge occurs fi'om spring fields in Ash Meadows and southern Death 
Valley and is a result of the movement of ground water beneath topographic divides in 
the lower carbonate aquifer (interbasinal flow). Secondary amounts of water leave the 
system by évapotranspiration in the Amargosa Desert and Oasis Valley regions of 
Nevada, and fi'om playas in southeastern Death Valley, which is the ultimate sink for 
ground water movement in this region.
Based on hydrologeological relationships and flow path chemistry, it is likely that 
some degree of both upward and downward “leakage” occurs between the lower 
saturated carbonate units and the overlying volcanic tuff and valley-fill aquifers, 
however, mixing of local and regional waters in the middle flow path environment is 
constrained by considerations of recharge quantities, ground water velocities, and the 
distribution of relatively impermeable volcanic rocks.
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CHAPTER 2
THEORY
INTRODUCTION
Uranium makes up between 7 x 10' and 8 x 10'* percent of the earth's crust.
It is more abundant than gold, platinum, and silver and less abundant than cobalt, zinc, 
tungsten, and lead (Harrington and Ruehle, 1959). The average concentration of 
uranium in continental rocks is about 2 to 4 ppm (parts per million or ug/g), however, 
moderately higher concentrations are not uncommon in granitic rocks (e.g., Conway 
granite. New Hampshire, -  15 ppm). Much higher uranium concentrations can be found 
in ore bodies and a few other relatively rare geological settings.
During normal weathering processes trace concentrations o f uranium are leached 
from rocks and soils by rain water. As a result, the majority of surface and ground 
waters contain between one and ten parts per billion (ppb or ug/liter) of dissolved 
uranium. Under oxidizing conditions and moderate pH (7 - 9), dissolved uranium forms 
highly stable and soluble complex ions which readily remain in solution.
In this study, natural variations in the dissolved uranium content of well and spring 
waters are used as a geochemical tool to investigate the movement of ground water in 
the regional aquifer. Variations in uranium signatures in ground water are related to 
recharge conditions, the uranium content of the aquifer materials, aquifer dynamics.
28
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and the rock/water contact time. Unique dissolved uranium “signatures” may allow the 
identification of discrete ground water masses, the delineation of flow paths, and the 
investigation of ground water mixing regimes. In some cases, they may also provide 
information about weathering and evaporation rates.
This chapter discusses the use of conservative tracers in hydrology, uranium 
geochemistry, radiochemistry, and the discovery of the phenomenon of uranium 
disequilibrium in ground water in 1955. The solubility and general characteristics of 
uranium in carbonate-rock ground water systems are also discussed. Taken together, 
these factors define the suitability of using uranium as a conservative tracer in the ground 
water domain of southern Nevada and southeastern California.
2.1 SOURCES OF INFORMATION
Osmond and Cowart ( 1976) published the first comprehensive treatment of aqueous 
uranium geochemistry in natural systems. In their work, they present mixing models and 
diagrams for the interpretation of uranium-series data using examples fi-om aquifers in 
Texas and the karst (limestone) terrain of southern Florida. The current state of research 
in this field has been summarized in Uranium-series Disequilibrium: Applications to 
Earth, Marine, and Environmental Sciences (Ivanovich and Harmon, 1992). The 
physical properties of uranium, its association with other trace elements, abundance in 
accessory minerals, rock-forming minerals, meteorites, and lunar materials, are contained 
in The Handbook o f Geochemistry (Wedepohl, 1978).
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2.2 CONSERVATIVE GROUND WATER TRACERS
A conservative ground water tracer is defined as a stable dissolved chemical species 
whose concentration or isotopic “signature”, once attained, is not significantly altered 
except by mixing with other ground water masses. Intermediate waters formed by the 
mixing of one or more isotopically distinct ground water components can be described 
mathematically by simple interpolation between well-defined chemical end members.
The equations used to solve mixing in two component systems (binary) and three 
component systems (ternary) are presented in a number of standard geochemical 
reference texts (Faure, 1991). Mixing models for uranium-series data, based on both the 
ratio, or activity ratio, and uranium concentrations, have been published by 
Osmond and Cowart (1976), and Briel (1976).
In general, factors which effect conservative behavior decrease the reliability of 
derived mixing regimes. Processes which may effect conservative behavior include 
adsorption/desorption at the rock-water Interface, water/rock reactions, precipitation, 
isotopic exchange, thermal re-equilibration, and radioactive decay. A limiting factor in 
many isotope investigations is analytical sensitivity, or the ability to distinguish between 
closely related samples.
A number o f trace elements have been used by various researchers to investigate the 
regional aquifer of southern Nevada; including, tritium (^H), radiocarbon (‘‘C), uranium- 
series isotopes, “ Cl, ” Sr / “ Sr ratios, the light stable isotopes systems of oxygen, 
hydrogen, and carbon, rare earth elements, and, more recently, noble gases (Lyles, 1990; 
Winograd and Pearson, 1976; Peterman and others, 1994; Winograd and Friedman,
1972; Johannesson, 1995; Mazor, 1986).
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2.3 PHYSICAL PROPERTIES OF URANIUM
Uranium is the 92nd element in the periodic table and has an atomic weight of 
238.03 grams/mole, making it the heaviest naturally occurring element (Table 3). 
There are three naturally occurring isotopes of uranium, ’̂ 'U (99.27%), “ *U (0.72%), 
and ’“ U (0.006%). Uranium is a member of the actinide group in the and has an 
electronic structure o f [Hg] 6p*5f ̂ 6d‘7s’ (Wedepohl, 1978).
Table 3. Physical and Chemical Properties of Uranium, (from Wedepohl, 1978).
Property Value
Atomic Number 92
Atomic Weight (amu) 238.03
Boiling Point (°C) 3818
Melting Point (°C) 1132
Density (grams/cc) 19.07
♦Dissociation (K) [UO;(CO;);’ ] ~ io-‘“
* Uranyl - carbonate complex dissociation constant in water.
2.4 GEOCHEMISTRY OF URANIUM
Geochemically, uranium is a large lithophilic cation, more abundant in the crust of the 
earth because of its inability to fit into the mineral lattice of the early crystallizing 
minerals. Like thorium and the rare earth elements, uranium is preferentially 
incorporated into late-crystallizing magmas and residual fluids. The most common 
oxidation states for uranium in nature are the A*, or quadravalent oxidation state (ionic 
radii, 0.97 Â) and the 6*, or hexavalent oxidation state (ionic radii, 0.81 Â) (Faure,
1991). The quadravalent, or reduced state, is typical of uranium found in the primary
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minerals assemblages of the solid earth, while the hexavalent oxidation state is most 
common in ground and surface waters, and secondary minerals (Wedepohl, 1978).
Pegmatites and high-silicate (acidic) granites have the highest primary concentration 
of uranium and low-silicate (basic) ultramafic rocks such as dunites and serpentinites 
have the lowest primary concentrations (Wedepohl, 1978). Organic sediments, for 
example peat, lignite and coal, can have extremely high secondary concentrations of 
uranium due to the accumulation of uranium by humic substances. High uranium 
concentrations in organic-rich sediments are of en associated with reducing anoxic 
conditions created by post-depositional burial. Concentrations may be 10  ̂to 10* times 
greater than in the fluid phase as a result of successive leaching and precipitation cycles 
(Ivanovich and Harmon, 1992).
Uranium has an average crustal abundance of approximately 2.8 ppm (Wedepohl, 
1978). Concentrations vary in the major rock-forming minerals; ranging from 0.1 to 10 
ppm in quartz and feldspars to over 50 ppm in some biotite and pyroxenes. Even higher 
primary concentrations are found in accessory minerals; for example, zircon 
(100 - 6,000 ppm), allanite (30 - 700 ppm), and apatite (5 - 150 ppm). Economically 
important concentrations of uranium are found in geothermal ore bodies and roll-front 
uranium deposits (Wedepohl, 1978).
Table 4 lists the range of uranium concentrations for the major rock types. Uranium 
is present in carbonate rocks at 2 to 3 ppm. The concentration of uranium in marine 
carbonate rock falls within a fairly small range because of their origin as biogenic and 
chemical precipitates in the stable chemical environment of the ocean. Igneous rocks 
have somewhat higher concentrations of uranium and also show greater variability 
(Wedepohl, 1978).
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Uranium constantly cycles through the oceanic reservoir; entering the ocean as 
dissolved uranium that is incorporated into deep sea sediments which ultimately end up 
as new continental crust, where the cycle of leaching and mobilization of uranium by 
water begins again (Kigoshi, 1971). As a result, the ocean has a steady-state enrichment 
o f the ’“ U isotope of about 14 percent (AR = 1.14). The net enrichment o f the ocean 
represents the “exces” ’“ U carried to the ocean by surface and ground waters in the 
hydrological cycle. A corresponding depletion exists in the rocks and sediments of the 
earth’s crust, but is difScult to detect because of the relative masses of the geological and 
oceanic reservoirs (Osmond and Cowart, 1976).
Table 4. Concentration of uranium and thorium in major rock types, (summarized 
from  M. Gascoyne in Uranium-series Disequilibrium: Applications to Earth, Marine 
and Environmental Sciences, Ivanovich and Harmon (1992).
Rock type Name U(ppm) Th(ppm) Th/U
Igneous granites, rhyolites, 
dacites
2 .2 - 6.1 8-33 3.5 to 
6.3
basalts 0.1 - 1 0.2 - .5 1 to 5
Metamorphic ecologites, gneiss, 
schist, slate
0.3 - 2.7 0.2 - 27 1 to 30
Sedimentary limestones 2 -3 0-2 .4 < 1
dolomite 0.03 - 2 — —
Shales; grey-green 
red-yellow 
black
2 -4  
2 -4  
3 -1250
10-13
10-13
2.7-7
2.7-7 
low
coal <10 - <6000 — —
lignite <50 - 80 — —
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2.5 RADIOCHEMISTRY OF URANIUM
(from Ehman and Vance, 1991)
The and ’“ U isotopes are the first and fourth members, respectively, of the
uranium-series decay chain. Because of the short half-life of the intervening nuclides, 
and effectively form a parent/daughter pair in geological materials of sufficient
age (Equation 8). is the first element in a separate decay chain, the actinium series, 
and is unaffected by natural fractionation processes. Thus, and are present in 
geological materials at a constant ratio (Wedepohl, 1978). The uranium-series decay 
chain and the actinium series end with the formation of the stable lead isotopes, ’"’Pb and 
“ ®Pb, as shown in Appendix 3.
The nuclides comprising the two series, except the terminal members, decay by the 
emission of a succession of alpha and beta particles. The rate of particle emission is 
proportional to the radioactive decay constant, or half-life, of a given nuclide, while 
particle energy is a function of the short range binding forces between protons and 
neutrons in the nucleus. Alpha and beta decay processes are ofren accompanied by the 
release of characteristic electromagnetic radiation, or gamma rays.
Alpha Decay
Alpha particles are a helium nucleus with a mass of 4 amu (2p, 2n), and a charge of 2*. 
When an alpha particle is emitted an element of atomic number Z loses two protons and 
is converted into an element of Z - 2 protons. There is a general trend for the energy 
alpha particles (MeV) to increase with increasing atomic number (Z > 82). Ofren several 
possible paths o f alpha decay are possible for a given nuclear transformation resulting in 
alpha particles of slightly different energies. Both the energy levels and the relative 
abundance of the resulting alpha particles are unique for a given transformation.
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Example of Alpha Decay
2iopo ----- 3, ^He +  ^ ¥ b  +  y
Beta Decay
Beta particles are positive or negative electrons with a charge of either 1+ or 1-, and 
negligible mass. The emission of a negative particle, or electron, is the result of the 
conversion of a neutron to a proton. Positron decay is the reverse of this, or the 
conversion of a proton to neutron. Beta decay process either decrease the atomic 
number by one, Z - 1, as in positron decay, or increases it by one, Z + I, if a negatively 
charged particle is emitted. Beta particles travel further in air than alpha particles, on the 
order of one to ten meters, and are usually detected by the amount of ionization they 
produce in a charged gas-filled chamber (gas proportional counting). The exact energy 
of beta particle varies because the total energy of the decay process is divided between 
the beta particle and a neutrino or anti-neutrino. As a result, a given beta conversion 
exhibits a continuous spectrum of energies with an average energy of approximately one
third the most energetic beta particles emitted (E ^  = V3 E .̂.,).
Example of Beta Decay (positron)
nNa -----► loNe + + v ha =  2.605 y
(5)
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3 6
(6)
Example of Beta Decay (negatron)
S S r  J- /3~ + F + ?SY ti/2 = 29.1 y
Gamma Emissions
Alpha and beta decay processes often leave the nucleus in an excited state.
Penetrating radiation called gamma rays are emitted as the nucleus spontaneously returns 
to the ground state. The emission of characteristic gamma rays is often a multi-step 
process. The low abundance of gamma emissions in the initial steps of the uranium 
decay series makes them of limited usefulness for detecting uranium in environmental 
samples.
(7)
Example of Gamma emission
 » y  +  “?Ag h a  =  249.8 d
Decay of Uranium (’**U)
has a radioactive half-life comparable to the age of the earth, or about
4.5 X 10’ years. The half-life of the ’“ U daughter isotope is 18,000 times shorter, or 
approximately 250,000 years. Table 5 lists the half-lives and major alpha particles 
energies for the uranium isotopes and daughter products of interest in this study.
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Table 5. Radioactive Emissions and Half-lives of Selected Uranium Isotopes.
(ICRP, 1983).
Isotope half-life (y) Mode of 
Decay
alpha energy ^ e v )
U-238 4.468 X 10’ a 4.195 (77%), 4.147 (23%)
U-234 2.45 X 10* a 4.768 (72%), 4.717 (28%)
U-235 7.04 X 10* a 4.390 (57%), 4.360 (18%)*
Ra-226 1 .6  X 10* a 4.785 (95%), 4.602 (5%)
* plus several other alpha particles with energies ranging finm 4.1 - 4.6 Mev.
Two relatively short-lived nuclides, ’“ Th and ’“ Pa, separate the conversion of the 
’’'U  to ’“ U. Thus, the decay of’̂ 'U to ’“ U is a three step process; emission of an alpha 
particle followed by two successive beta decays. The sequence is, Z - 2 (alpha decay), 
Z + 1 (beta decay), Z  + 1 (beta decay) resulting the formation o f’“ U, which is 4 mass 
units lighter than the parent atom. The ’“ U and ” *U isotopes differ in mass, but are 
electrically and chemically identical (Ivanovich and Harmon, 1992).
(8)
Decay Scheme of Uranium
%92U  ^  90
9fi/2 = 4 . 5 x 1 0  y tj/2 =24.1 d ti /2 =  1.18 m ( | /2  =  2.48 X 10 *y
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’**U and ’**U were formed during cosmogenesis, or the formation of the earth, and 
are the parent radionuclides of separate decay chains. Both nuclides decay at a rate 
proportional to their respective half-lives and, as a result, at any given time the ratio of 
the two isotopes can be calculated. The present mass ratio of ’**U to ’**U in unaltered 
crustal rocks is -  137.5:1.
One interesting aspect of the decay relationship of these two nuclides is that, 
approximately 2.5 billion years ago the relative amount of ’**U was sufficiently high that 
spontaneous fission, or a natural nuclear reactor, was theoretical possible. The 
possibility of a natural nuclear reactor was predicted by P. K. Kuroda in 1956 and 
subsequently discovered by French mining engineers in 1971 at the famous Oklo site in 
Gabon, W. Afiica (Sheng and Kuroda, 1984).
2.6 URANIUM DISEQUILIBRIUM
In unweathered rocks of the crust and mantle the alpha decay rate of the ’“ U 
daughter is exactly equal to the ***U parent. This balanced condition in radioactive 
strength is established after about 10* years in a closed system and is called secular 
equilibrium. Secular equilibrium is characteristic of decay schemes in which a long-lived 
parent, in this case ***11 (tV2 = 4.5 x 10’ y), decays to a daughter product with a 
significantly shorter half-life ( *“ U, t Vi = 2.5 x 10* y). A system initially containing only 
the parent nuclide undergoes decay until the daughter product equals, but does not 
exceed the activity of the parent. Once equilibrium is attained the decay rate of the 
nuclide pair is controlled by the slow decay of the parent nuclide.
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Deviations from the 1:1 radioactive equilibrium state, or uranium disequilibrium, 
can be described by the use of the activity ratio, or (AR). The activity ratio is the 
product of decay rate of the divided by that of “ *U. Mathematically it is 
dimensionless, ( dpm /^*U dpm). By convention activity is in the numerator 
and ^*U in the denominator. Thus, solids or liquids that are enriched in the isotope 
have AR’s > 1 while depleted materials have AR’s < 1. Uranium activity ratios are 
usually calculated using the units of radioactive decay, e.g., disintegrations per minute 
(dpm), picocuries (pCi), or equivalent SI units, Bequerels (Bq).
(9)
Definition of the Activity Ratio
2 3 4 T T
Activity Ratio; AR =  238  ̂(flcfzv/fym
The mass ratio of the two isotopes in materials at secular equilibrium should be 
distinguished from the activity ratio and is proportional to the respective half - lives of 
^*U (4.5 X 10®y) and (2.5 x 10‘y), or about 18,000 to I (ppm / ppm). Due to the 
relatively small contribution to total mass by the isotope, its contribution can 
generally be ignored and the mass of the “ *U isotope reported. For example, in a rock 
having a “ *U concentration of 10 ppm, the concentration would be 10 ppm / 18,000 
or -  6 X IC* ppm (assuming 1:1 or secular equilibrium conditions).
Following the same logic, the mass contribution of the isotope in ground waters 
with activity ratios that are significantly greater than one can also be ignored as even a 
three or four fold increase in the activity of the isotope represents an insignificant 
increase to the total mass of uranium.
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Discovery of Uranium Disequilibrium in Natural Waters
The initial discovery of uranium disequilibrium in ground water was reported by 
Cherdyntsev in 1955 for ground waters in Israel. Prior to the publication of 
Cherdyntsev’s research it was assumed that the ^*U and^U  parent/daughter isotope 
pair would be chemically indistinguishable and would dissolve from the rock matrix at 
the same rate. Thus, the radioactive equilibrium existing in the solid, or mineral phase, 
would be preserved in the liquid phase, albeit, at a lower concentrations. This was based 
on a consideration of the essentially identical electronic structure and the nearly equal 
mass of the two isotopes. The 1.7% percent difference in mass between the and 
isotopes was thought to be too small to cause significant fi^ctionation during low 
temperature geological processes.
Cherdyntsev reported, however, that radioactive disequilibrium between uranium 
isotopes in ground water was extremely common. Furthermore, in almost all cases the 
disequilibrium was in the direction of an excess of the^U  daughter isotope in the mobile 
or liquid phase. The radioactivity of isotope in ground water was often two to 
three times greater than that of the “ *U parent nuclide (Cherdyntsev, 1955).
Mechanism of Uranium Disequilibrium
The mechanism responsible for uranium disequilibrium in ground waters was initially 
unknown. Later research identified alpha recoil displacement, or the ejection of the 
atom out of the mineral crystal structure during alpha decay, as the most significant 
factor in the production of radiogenic disequilibrium between the and “ *U pair 
(Szilard - Chalmers effect). (Ivanovich and Harmon, 1992).
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Specifically, the transformation of °*U to by alpha decay breaks the ionic bonds
between the uranium atom and the mineral. The recoil energy from the decay either 
directly ejects the atom into solution or makes its more susceptible to subsequent 
leaching by oxidizing ground waters. In the simplest sense, two processes, leaching and 
alpha recoil, cause the transfer of th e ^ U  atom from the solid to the aqueous phase, 
while ^*U is only removed by the non-specific leaching process (Figure 7).
Controlled leaching experiments in the laboratory by Baranov and Starik in 1958 
confirmed that the fractionation of uranium isotopes occurred during the solid - liquid 
phase change (Osmond and Cowart, 1976).
DISSOLVEDSOLID
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Figure 7. Diagram showing the role of “alpha recoil” in uranium disequilibrium.
Both and ‘ '̂*U are sorbed and desorbed (straight arrows) - '̂ '*U is also mobilized by 
the decay process (waved arrows). (From Osmond and Cowart, 1976)
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Uranium Disequilibrium in Ground Water
Uranium enters ground water when dilute recharge waters interact with the uranium- 
bearing minerals in the unsaturated and saturated zones. As infiltrating water dissolves 
uranium, and other elements, fi'om the mineral grain surfeces the isotope is 
preferentially leached fi'om the aquifer materials. As a result of the “alpha recoil” 
process, the vast majority of underground waters and surface waters that have been 
investigated following Cherdyntsev’s discovery of uranium disequilibrium are enriched in 
daughter isotope, or have activity ratios greater than one, (AR >1).
The balance between the rate of uranium decay processes and the macroscopic rate of 
weathering in soil and rocks controls the concentration and activity ratio (AR) of 
uranium in ground water. Concentrations of uranium in ground water range fi'om < 0.1 
ppb to more than 50 ppb with a mean of about 4 -5  ppb (Wedepohl, 1978).
Waters at the higher end of the concentration range are the result of evaporation or, 
less frequently, aggressive recharge waters coming in contact with physically altered 
solids. In the second case, the rapid dissolution of the bulk rock matrix may result in 
activity ratios (AR) close to one. An example of this type was recently reported for a 
small spring at the base of breccia tube on the south rim of the Grand Canyon 
(unpublished thesis., J. Fitzgerald, Geoscience Department, University of Nevada, Las 
Vegas, 1996).
Activity ratios (AR) in natural waters vary fi'om slightly less than unity to 
approximately ten (Osmond and Cowart, 1976). The majority o f ground waters have 
activity ratios greater than one and less than four. Contact time, or the average length of
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time the water flows through the sub-surface environment is an important factor in the 
development o f disequilibrium; however, the relationship is not straightforward. Water 
in contact with minerals that are extremely resistant to weathering, for instance zircon 
crystals or crystalline volcanic rocks, may develop higher than average activity ratios 
while dissolved uranium concentrations remain relatively low (Kigoshi, 1971). The 
balance between the constant rate of the “alpha recoil” process and variable rates of 
weathering is largely responsible for the range of uranium concentrations and isotopic 
ratios (AR) found in natural waters.
In general, uranium concentrations and activity ratios are inversely related, with the 
exception that evolving recharge waters often exhibit both extremely low concentrations 
and low activity ratios (A.R < 2). The inverse relationship of uranium concentrations 
and AR’s is the basis for the classification scheme developed in this report.
Uranium Signatures in aquifers
The combination of the concentration of dissolved uranium in the aqueous phase and 
the activity ratio (A.R.) of the two major uranium isotopes, and “ *U, is referred to 
as the uranium “signature” of a given water. Naturally occurring variations in the
/ ^*U isotope ratio can be used to determine flow paths, define mixing regimes, and 
identify hydrological sources and sinks in open aquifer systems (Osmond and Cowart, 
1974, 1976).
Open aquifers are ones in which oxidizing conditions or complexation with 
carbonates prevent the precipitation of uranium once it has been leached fi'om the aquifer 
minerals. They are characterized by relatively stable uranium activity ratios and constant,
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or slowly increasing, concentrations o f uranium along flow paths. There is some 
evidence that initial uranium signature evolves fairly quickly during infiltration and are 
more or less maintained during saturated flow under many, but not all, conditions 
(Cowart, 1977). The most obvious exception to the evolving or conservative behavior 
of dissolved uranium signatures is the precipitation of uranium compounds under 
reducing conditions or elevated temperatures in the sub-surface.
Two of the most commonly measured ground water variables are redox potential 
(Eh) and the hydrogen ion concentration, or (pH). Both have significant effects on the 
behavior of uranium in solution. The existence of oxic conditions, or measurable 
dissolved oxygen, in the flow path stabilizes dissolved uranium concentrations and is 
probably the most critical factor governing conservative behavior. Thermodynamic 
investigations summarized by Langmuir (1978) suggest that uranyl carbonate complexes 
are stable over a pH range of fi’om 6 - 9 pH units and at Eh potentials of 100 to 400 mV.
Most unpolluted surface aquifers are oxidizing because shallow circulation allows the 
exchange o f gases with the atmosphere. Deeper aquifers may or may not be oxidizing 
depending on recharge conditions, ground water residence times, and the aquifer 
materials. Carbonate aquifers in arid regions are fi-equently open or oxidizing systems 
because of low organic content in the soil and the solubility of CaCOj in recharge 
waters. Low organic content favors the maintenance of oxidizing conditions, and 
dissolved carbonates increase the solubility of uranium by complexation.
Figure 6 shows that for neutral to slightly basic natural waters, the predominant 
species are the uranyl (6*) carbonato and dicarbonato complexes ofUO;(C03)° and 
0 0 2 (0 0 3 )2̂ ' (Langmuir, 1978). The diagram is drawn for conditions of 25° C and a 
CO; pressure of 10'  ̂atmospheres. At higher temperatures uranyl-carbonate complexes 
become minor species because of the decrease in the solubility of carbonates with 
increasing temperatures (retrograde solubility).
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Figure 8. Major carbonate and hydroxyl species in pure water at 25° C and a CO; 
pressure of 10  ̂atmospheres. Most natural waters fa ll within a pH  range o f 7 to 9.
Exceptions to the general homogeneity of uranium signatures in open systems occur 
in recharge zones, where waters have not yet attained quasi-equilibrium, and in discharge 
regions where high concentrations of dissolved solids or evaporation may alter uranium 
concentrations.
Assuming conservative behavior of uranium in oxidizing systems, straight-line mixing 
models developed by Osmond and Cowart can be used to define the proportions of 
waters originating fi'om different sources and/or geochemical environments (Osmond and 
Cowart, 1974, 1976). The mixing equations and graphical methods used to interpret the 
data collected in this study are described in another chapter of this report.
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2.7 SUITABILITY OF THE STUDY AREA
Wells developed in the regional carbonate aquifer of southern Nevada exhibit 
measurable dissolved oxygen at considerable distances downgradient from recharge 
zones and at depths greater than 3000 meters (Winograd, 1982). Thus, it is likely that 
oxidizing conditions exist in large portions of the lower carbonate aquifer. Also, the 
major dissolved constituents of the regional system do not vary dramatically with depth, 
suggesting that, at least in the connected portions of the regional system, ground waters 
are well-mixed and unstratified (Winograd, 1982).
Residence time for ground-waters in the major flow paths has been estimated by 
various researchers from analyses to be between 7000 and 22,000 years, significantly 
shorter than the 250,000 half-life o f^ U  (YMSP, 1988). Based on these considerations, 
uranium may be acting conservatively in large parts of study area and is potentially an 
excellent tracer of ground water movement. Other, factors supporting the creation and 
maintenance of steady-state trace element chemistry in the regional aquifer are;
1) Uranium concentrations in the Paleozoic marine carbonate sedimentary rocks are 
relatively constant because of their origin in the stable chemical environment of the 
ocean. This implies that the source term for uranium in carbonates is diffiise and 
homogeneous, both factors favor the creation and maintenance of steady-state 
geochemical conditions.
2) The partial pressure of CO; in the soil zone (Pcoa) relatively low in much of the 
study area compared to areas of greater rainfall and vegetation. Thus, the variability of 
CO; in the soil zone from the addition of biogenic CO; is also likely to be minimal.
Stable Pco2 levels in recharge zones would support relatively constant rates of 
weathering.
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3) Compared to flow in porous media (matrix flow), flow through fractures, bedding 
planes, and solution channels, results in less interaction between the liquid and solid 
phase. Mineral coatings or “surface rinds” could conceivably reduce rock/water 
interactions even further.
If the rate of carbonate dissolution in the major recharge areas is essentially constant 
(reason 2, above) most o f the uranium may enter the water column from weathering of 
minerals in the infiltration zone. Subsequent horizontal flow through a stable, relatively 
non-reactive media via predominantly fracture-flow would serve to preserve or modestly 
augment the original uranium concentration. The activity ratio of slow moving ground 
waters could continue to evolve as alpha recoil of atoms into the liquid phase 
depends only on the decay rate of “ *U.
Support for the scenario described above can be drawn from elevated activity ratios, 
and moderate uranium concentrations, found in some of the more stagnant, isolated 
carbonate blocks in the study area. For example, the uranium concentration in large 
portions of the carbonate aquifer is approximately 3 to 4 ppb with an AR of near 3. 
Ground water in areas which are isolated from the main flow path have approximately 
the same uranium concentration, but may have AR’s as high as 5 (e.g., Indian Springs 
fault block south of the NTS). Also, there are several examples of welded tuff volcanic- 
rock aquifers in the study area which have extremely low uranium concentrations and 
high activity ratios (AR). This, presumably, represents the dominance of the alpha recoil 
process (^U ) over bulk dissolution of the aquifer material (^ U  and“ *U) in these 
lithologie settings.
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METHODS AND PROCEDURES 
INTRODUCTION
This chapter summarizes the methods and procedures used to collect analyze the 
samples for this study. The majority of the samples were collected by two organizations, 
the Harry Reid Environmental Center (HRC) and the Environmental Protection Agency 
(EPA). Both agencies have environmental chemistry laboratories located on the 
University of Nevada, Las Vegas (UNLV) campus. Additional samples were collected 
by the author, Jim Fitzgerald, a fellow graduate student in the Geoscience Department at 
UNLV, and Ron Hershey of the state of Nevada Desert Research Institute (DRI). In 
general, the field methods employed by the two agencies were quite similar and are 
designed to collect and preserve water samples for trace metal analyses.
3.1 FIELD METHODS
Filtering of Samples
HRC and EPA field procedures for the collection of water samples have been 
described in Johannesson and others (1995) and EPA (1991), respectively. Both 
agencies preserve samples by the addition of concentrated nitric acid, however, the EPA 
does not filter ground water samples at the time of collection.
48
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Duplicate analysis of filtered and unfiltered samples reported in the scientific literature 
suggests that, at most, only a few percent of uranium in water samples is present in the 
particulate or colloidal phase (Osmond and Cowart, 1976; Banner and others, 1990). 
Based on these findings, no distinction was made between filtered (either in the field or 
laboratory) and unfiltered samples. The following sections summarize the sample 
collection methods employed the HRC, EPA, the author, and collaborating researchers.
EQIC Sample Collection Method (Ash Meadows and Death Valley)
Samples were collected in one liter acid-washed nalgene bottles and filtered in the 
field by drawing the water through a disposable 0.45 micron high-capacity ground water 
filter using a non-contact peristaltic pump. Ten milliliters of ultra pure nitric acid was 
added to each sample (1% vol/vol) as a preservative and samples were stored in a walk- 
in cooler at 4°C. Field Blanks, consisting of one liter nalgene sample bottles filled fi’om 
the distilled water supply at the HRC laboratory, were carried on each sampling trip.
EPA Sample Collection Methods (NTS and Offsite Areas)
The Environmental Protection Agency (EPA) - Radiation Sciences Division, collects 
ground and surface waters for their radiological monitoring program in four liter nalgene 
cubitainers. Samples are acidified in the field by adding 35 milliliters of reagent grade 
nitric acid ( ~ 1% vol/vol). Several field techniques are used to collect the samples; 
surface waters and springs are bailed by hand from the water supply, shallow wells are 
sampled with a portable peristaltic pump, and downhole samples are collected with a
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special electrically operated well logging tool having a capacity of about 8 liters (USEPA 
Standard Operating Procedure Manual - Radiation Sciences Division, 1991). Water 
samples collected by the EPA are not filtered prior to analysis and are stored at room 
temperature. Field blanks are not used in the EPA water sampling program.
Other Sample Collection Methods
The author collected the samples fi'om Hiko - Pahranagat region at various times 
throughout 1993 and 1994. Samples were acidified in the field using reagent grade nitric 
acid. Monthly samples fi'om the lower Ash Springs outlet were collected by a local 
resident, stored in a fi'eezer, and picked up each quarter by the author. Water samples 
collected fi'om the Spring Mountain were filtered and acidified in the laboratory on the 
same day they were collected.
3.2 METHODS AND PROCEDURES
Uranium concentrations (ug /liter) and activity ratios, ^ U /  ^*U (pCi / pCi), were 
determined by ion exchange purification followed by alpha pulse height analysis 
An excellent review of alpha spectroscopy and standard methods for the determination 
of uranium and thorium in environmental samples can be found in Ivanovich and Harmon 
(1992). The method used in this study was adapted fi'om the EPA Radiochemical 
Methods Manual (Johns and others, 1979), and is similar to those described in Ivanovich 
and Harmon (1992) and the National Interim Primary Drinking Water Regulations 
(Greenburg and others, 1992, 18th edition). A brief description of the analytical method 
is given here. Appendix 3 contains the step by step procedure used to determine 
dissolved uranium concentrations and isotope ratios in this study.
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Radiochemical Method
A NIST (National Institute of Standards and Technology) traceable standard of 
known activity and 1 ml of a iron carrier solution (10 - 20 mg/ml) are added to the 
acidified sample. Samples are heated to drive off dissolved carbon dioxide and to ensure 
equilibration of the uranium tracer. Dissolved metals in the sampled are co-precipitated 
by neutralizing the solution with concentrated ammonium hydroxide ( > pH 9). The iron 
hydroxide precipitate formed is separated by centrifuging, dissolved in concentrated 
HCL, and evaporated to dryness. The sample is re-dissolved in 6 N HCL and passed 
though an anion exchange column to separate uranium fi'om other alpha emitting 
nuclides. Purified uranium is electrodeposited on stainless steel discs fi'om a sulphuric 
acid solution adjusted to a pH of ~ 2. The activity of the purified uranium is determined 
by alpha pulse height analysis.
Alpha pulse height analysis, or alpha spectroscopy, distinguishes the activity of the 
three major uranium isotopes (“ *U, “ *U, ^ U ) based on the energy of their alpha decay 
products (Table 5). Chemical recoveries are calculated fi'om the recovery o f the 
internal tracer and are typically 60 - 90 percent. Counting errors for this method range 
fi'om 3 to 10% depending on sample activity and the counting time selected. Extremely 
long counting periods, on the order of days, can be used to increase the precision of the 
measurements.
The samples for this study were counted for 1000 minutes using silicon surface 
barrier detectors manufactured by Ortec Instruments™ with a detector area of 
450 mm^ (Knoll, 1989). Figures 9 and 10 are examples of representative alpha spectra 
for a ground water fi'om the regional aquifer and a soil collected fi'om an alluvial fan near 
the town of Searchlight, Nevada ( -  30 miles south of Las Vegas, NV).
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Figure 9. Typical aJpha spectrum for uranium in ground water. Natural uranium 
peaks are labeled (^^U, and^^U)- The peak to the fa r right is a internal 
tracer o f ~ 5 dpm added to the sample to allow the determination o f activity. Uranium 
disequilibrium refers to the difference in the relative size o f the and^^^U peaks. In 
this water the ratio is about 3:1, representing an activity ratio (AR) o f 3,
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Figure 10. Typical alpha spectrum for uranium in soil Unlike the ground water 
sample above, most soils are at or very near radioactive equilibrium with respect to the 
^^U and ̂ ^U isotopes. Rocks and soils also have much higher concentrations of 
uranium than ground and surface waters (Searchlight, Nevada).
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Quality Control Measures
The tracer used in this study was prepared by gravimetric dilution of NIST 
Standard Reference Material, SRM 4324, in 1992. Appendix 4 contains a copy of the 
original certificate and the calculations used to prepare the uranium standard. As of 
February 14, 1994 the decay corrected activity of the standard was 4.542 dpm/ml.
Over the course of the project a total o f eight quality control samples were analyzed; 
four method blanks and four samples spiked with a known quantity of natural uranium. 
Samples were spiked at two activity levels, 1.0 pCi/liter (~ 2.8 ppb) and 6.21 pCi/liter 
(~ 17.3 ppb). The results are summarized below:
Table 6. Summary of quality control samples.
Laboratory Spikes
Date Sample ID Reported
(pCiÆ.)
Known
(pCi/L)
Ratio
(Reported/Known
2/10/94 A 1.04 1.0 1.04
4/19/94 B 1.09 1.0 1.09
3/4/95 C 6.57 6.21 1.06
4/13/95 D 6.72 6.21 1.08
Laboratory Blanks
Date Sample ID U-238/MDA 
(pCiÆ.)
U-234/MDA 
(pCi/L)
Sample Type
2/10/94 A’ 0.013/0.019 0.0 2 1 / 0.020 E P A R O H P
4/19/94 B’ 0.011/0.026 0.014/0.030 EPAROHjO
3/4/95 C’ <0.01/0.018 <0.01/0.027 UNLV D IH 2O
4/13/95 D’ <0.01/0.018 neg / 0.026 UNLVDIH2O
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The bias of the method for the spiked samples ranged from 104 to 109 percent of 
the known value. Although, each of the spiked samples showed a positive bias, several 
laboratory performance evaluation studies run concurrently using the same standard had 
a slight negative bias (Table 7). The higher activity of the performance evaluation 
samples, as compared to the internal laboratory spikes, may account for the difference in 
the two sets of results. All tests of the uranium standard used throughout this study 
were within 10 percent of the true value.
Table 7. Laboratory performance evaluation studies.
Date Study’
Reported
(pCiÆ.)
Known
(pCi/L)
Ratio
(Reported/Known
6/16/95 U/Ra in water 15.1 15.2 .99
9/15/95 U /Ra in water 29.4 30.5 .96
4/16/96 Mixed a in water 54.9 58.4 .94
U S E P A -C R D , Radiation Quality Assurance Group, Las V egas, N V  89119
The results for each of the blank analyses were less than the minimum detectable 
activity (MDA) with the exception of the result for the A’ sample. This seems
statistically inconsequential when the 2a  error term is considered for that result,
A’ = 0.021 ± 0.017 (0.020). A modest difference was seen between the reverse osmosis 
water (RO) used to prepare reagents at the EPA laboratory and the distilled (DI) water 
from the UNLV chemistry department. Uranium was below detection limits in the EPA 
reverse osmosis water and, for all practical purposes, completely absent in the distilled 
water.
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3.3 INTERPRETATION OF DATA
Uranium data can be displayed in several ways. The purpose of these techniques are 
to group data based on their uranium signatures (the combination of the ^ U /“ *U 
activity ratio and the concentration) and to define mixing lines between related waters. 
Various researchers have used graphical representations of the activity ratios (AR) 
versus uranium concentration (ppb), (AR) versus the reciprocal of uranium concentration 
(1/S) and (AR), versus the ^ U  excess. (Osmond & Cowart 1976) Each technique has 
certain advantages for identifying correlations between datapoints that are believed to be 
related by flow path or hydrological setting.
Activity Ratios versus reciprocal Uranium Concentration
Data plotted using axis of activity ratio (AR) versus the reciprocal of the uranium 
concentration (1/S) makes it possible to display waters with a wide range of 
concentrations on the same graph. The purpose of the (AR) / (1/S) plot is to identify 
mixing trends between waters in the same hydrological system that are geochemically 
similar. Waters that are related to each other by their uranium signature plot in the same 
region on a graph of (AR) versus (1/S). Groups of waters that are mixtures of two well- 
defined end member components plot along a straight line between the end member 
groups, however, because of the use of reciprocals, graph distances are not linear and 
cannot be used to define mixing proportions.
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Uranium concentration versus ^ U  ‘̂ Excess”
Individual mixing lines for related waters, that are plausibly related hydrogeologically, 
can be plotted separately on graphs of (AR) versus excess. excess is a
graphing construct equal to the amount of “excess” there is above the equilibrium
condition with ^*U. Mathematically it is calculated by subtracting one (equivalent to 
secular equilibrium) from the activity ratio (AR) and multiplying by the “ *U 
concentration in the sample.
(10)
^ U h x c e s s  =  ^ * U „ , x ( A R - 1)
The “excess" value is the hypothetical concentration in (ppb) that the 
isotope has in excess to the concentration. It has no real physical meaning as the 
actual mass of th e^ U  isotope is approximately 18,000 times less than the mass. 
When related waters are displayed on a “ *U versus “excess” graph the distance 
between them is inversely proportional to their mixing proportions. The relative 
contribution of each component water can be calculated following the lever rule for 
binary mixing;
(11)
Lever rule for binary mixing 
V^X^ +  VbXb = VcXc
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Where (V ) is the volume of a component, X* and Xg are the concentration of the two 
mixing members and Xg is the resultant concentration.
Various configurations of the basic binary mixing equation using the specific activity 
of the sample (dpm), “ *U concentration, “excess” or the activity ratio (AR) are 
given in Osmond and Cowart (1976). Alternatively, the distance between components 
can be taken firom an appropriate graph by measurement and map units used in the 
calculations. The calculations follow the form of equation 12, below, in which the 
proportion of one end member (Vg/V^) in a mixture is found by interpolating the 
position of the intermediate concentration (X^) end members (X* and Xg). For an array 
of intermediate waters derived fi'om two sources the flow rate of each spring must be 
weighted appropriately.
( 12)
Vb _ Xc-XA 
Vc %B-XA
Using a slightly more complicated mixing formula, it is also possible to determine 
the relative proportions of three component waters. The solution of a four component 
model does not result in a unique solution but in a locus of possible answers, all of which 
would satisfy the given relationships. Figure 10, after Osmond and Cowart (1976) 
demonstrates graphical solutions for two, three, and four component systems.
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In general, the isotope signature of the recharge areas and the resultant waters are the 
knowns and the mixing proportions, or ÇX) in the binary mixing equation, is the 
calculated parameter. Mixing diagrams of this type may also help in the recognition of 
additional ground water components.
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Figure 11. Mixing Diagrams for two, three, and four component systems using 
uranium-series data. Resultant waters fa ll along a mixing line in binary systems and 
within the locus o f three points in ternary systems. Four component systems do not 
yield unique solutions (from Osmond and Cowart ,1976).
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CHAPTER 4
DESIGN OF THE STUDY 
INTRODUCTION
The waters analyzed for this study were collected between the summer of 1993 and 
spring of 1995. Many locations were sampled several times to screen for seasonal 
changes in uranium geochemistry and increase the reliability of the results. In all, a total 
of 186 samples from 103 locations were analyzed for isotopic uranium. Appendix 1 
contains an alphabetical list of all sampling locations and analytical results.
Water samples collected outside of the NTS by the HRC field group are, with a few 
exceptions, from natural springs and seeps. All NTS samples are from water supply and 
monitoring wells routinely sampled by the EPA, except for those from collected from 
three small springs on the NTS; Cane, Tippipah, Topopah springs (Figure 12).
EPA offsite samples are described as a single group, even though the samples were 
collected from a variety of sampling locations surrounding the NTS including residential 
and agricultural wells, springs, and surface waters. The EPA offsite results, with the 
exception of two wells near Indian Springs, Nevada, were not used in the main 
interpretations developed in this report. The EPA offsite results are, however, 
incorporated into the geochemical classification scheme presented in the final chapter.
59
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4.1 GEOGRAPHIC SAMPLING AREAS
The six distinct geographic areas in southern Nevada and southeastern California 
sampled in this study were: 1) Hiko-Pahranagat region of Lincoln County (east and 
northeast of NTS); 2) Spring Mountains (northwest of Las Vegas, Nevada); 3) Ash 
Meadows in the east-central Amargosa Desert (south of the NTS); 4) Amargosa Desert 
(west and southwest of the NTS); 5) Death Valley - Furnace Creek area of southeastern 
California; and, 6) the Nevada Test Site. Each area is shown on Figure 12, individual 
sampling points are identified as necessary using the abbreviations listed below. (EPA 
offsite locations and several miscellaneous sampling points are also listed).
Geographical Areas and location abbreviations
Spring
Mountains
Ash
Meadows Death Valley
EPA Offsite* 
Locations
Cold Creek Spring CC Big Springs BS Cottonball #3 CB 17S-50E-14CAC -
Deer Creek Spring DC Bradford Spring BF Cottonball #6 CB' 18S-51E-7DB -
McFarland Spring MF Cold Spring CO Grapevine (L) GL Adaven Spring -
Whiskey Spring WS Crystal Pool CP Grapevine (M) GM 15S-50E-18CDC -
Willow Crk. Sprg. WC Fairbanks Spring FB Grapevine (U) GU Johnnie Mine -
Forest Spring FS Salt/McLean Sprg. SS Lake Mead Intake -
«  Hiko- Pahtranagat
Jack Rabbit Sprg. 
Kings Pool
JR
KP
Mesquite Springs 
Nevares Spring
MQ
NV
MaryNickell Well 
Penoyer Well 7 & 8 PN
Ash Springs AS P t o f  Rocks (NE) PR Saratoga Spring SA Sharps Ranch -
Crystal Springs CS P t o f  Rocks (NW) PR' Scottys Castle SC Shoshone Spring -
K k o  Springs HS Rogers Spring RS Surprise Spring SU Specie Spring -
Muddy Springs MS Scruggs Spring SO Texas Spring TX Twin Springs Rch. -
Roger Springs RO Tubbs Spring IB Travertine (A) TA Well 11S^8-1DD -
U. Pahranagat Lake PL Travertine (B) TB Well 1, Sewer Co. W1
L. Pahranagat Lake PL' Upper Brier Spring 
Woodcamp Spring
UB
WS
WeU 2.USAF W2
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NTS Wells Desert Miscellaneous
Army WeU 1 WeUUE-18T Cind-R-Lite CR Becks Spring (CA)
Army WeU 6A W eUUE-lC Coffers WeU CW Chubb Springs (CA)
PUot WeU Area S WeUUE-17A Jackass Aero WeU JA Hardrock Queen Springs
Test WeU 7 WeUUE-5N Lathrop WeUs RS LW ZZYYXX-Soda Lake
Test WeU B WeUUE-6D Saga WeU (VH-2) V2
Test Well D WeUUE-6E WindmiU (CoQcrs) -
WeU Groom 3 WeU UE-7NS
WatcrWcUM
WeU Groom 5
WeU 5C
Well Groom 6
WeU U4
WellSB
WelI6(TTR)
WellC
WeUC-1
WeUHTH-1
WeUHTH-8
WeU J-12
WellJ-13
WeU PM Ex #1
WeUU7CD
W eUUE-l6D
WeIlUE-16F
WeU UE-18R
NTS SPRINGS
Cane CN
Tippipah TI
Topopah TO
'AU EPA locations are shown on Figure 14. Locations abbreviated (PN, W l, W2) are also shown on Figure 12. 
•Distinguishes closely related water sources, as for Pt. o f  Rocks (NE) and P t o f Rocks (NW).
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4.2 DESCRIPTION OF SAMPLING AREAS
The Hiko-Pahranagat area and Spring Mountain range are both major recharge zones 
for ground water entering the regional carbonate aquifer (Winograd and Thordarson, 
1975). Ash Meadows and the Furnace Creek regions are discharge zones where water 
leaves the regional system by spring flow and évapotranspiration. The Amargosa Desert 
hydrologically connects the volcanic-rock terrain to the north, including areas on the 
NTS, to the regional Death Valley ground water system, although flow paths and water 
budgets are not well defined. Wells on the NTS were sampled to determine the 
possibility for the vertical movement of ground water between local aquifers and the 
regional ground water system. The locations sampled within each geographical area and 
average uranium results are listed in Tables 8, 9, 10, 11, 12(a & b), 13, 14 and 15. In 
addition, the general hydrological setting, ground water chemistry, and relation of each 
area to the regional flow system are briefly discussed.
For the purposes of this report, saturated lithological units are classified as either 
consolidated Paleozoic carbonates (Pzc), Tertiary volcanic rocks (Tv), or Quaternary 
alluvium (Qal). Lithological information for springs and wells in the study area was 
largely taken fi'om a recent USGS publication Hydrochemical Data Base for the Death 
Valley Region, Cfl/(/ô/7iw ow/VevooSar (Perfect and others, 1995). This USGS 
publication summarizes more than 3,500 individual records for water sources in southern 
Nevada and southeastern California in electronic form. Additional sources of 
information were Chapman and Lyles (1993), NTS wells, and Johannesson (1994),
Death Valley region.
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Hiko - Pahranagat Region
The water samples listed in Table 8 were collected from the Hiko-Pahranagat region, 
northeast of the NTS. The entire region is part of the ancient White River flow system 
which was tributary to the Colorado River during the Pleistocene (Ealdn, 1963).
Regional carbonate springs in the Hiko-Pahranagat area (Ash, Crystal, and Hiko) issue 
from units of Paleozoic age in the lower carbonate aquifer. Ash and Crystal springs 
discharge approximately 25,000 acre-ft of water each year and supply the Paharanagat 
Lakes in Lincoln County, NV. Rogers and Muddy springs lie at the extreme southern 
end of the White River flow system near the southern end of the “Muddy Springs - Lake 
Mead” arm of the central ground water corridor (Figure 3).
The geochemistry of the regional springs in this area is representative of well-mixed, 
mature carbonate waters downgradient of the major recharge zones. Chemically, they 
carbonate-type waters (Ca-Mg-HCOj) grading to mixed waters (Ca-Mg-Na-K) near the 
eastern border of the NTS (Winograd and Thordarson, 1975).
Table 8. Sampling Locations in the Hiko - Pahranagat Region
(Year and month collected) Average result
LOCATION 93 94 95 Lithology ^*U ^/A R Notes
Ash Springs 10 2 Pzc. 2.65/2.44 (regional sprg.)
Crystal Springs 10 2,4,8 Pzc 4.08/3.17
Hiko Springs 4,8 Pzc 4.99/3.04 “
Muddy Springs 12 Pzc 3.78/3.14
Rogers Spring 12 Pzc 3.69/3.08 “
U. Pahranagat Lake 3,10 - 32.2/2.68 surface water
L. Pahranagat Lake 4 - 68.8/2.46 surface water
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Spring Mountains
Samples were collected from five high-flow perennial springs in the Spring Mountain 
(Figure 2). Recharge to these springs is from recent precipitation falling on the western 
slope of the Spring Mountain range. The springs issue from alluvial fans; however, 
ground water flow is through solution openings and fi-actures in the underlying, and 
more permeable, carbonate rocks. These springs represent early flow-path, 
geochemically immature carbonate waters, low in both total dissolved solids (TDS) and 
trace metals. Chemically they are classified as pure carbonate-type waters (Ca-Mg- 
HCO3) (Winograd and Thordarson, 1975).
Table 9. Sampling Locations in the Spring Mountain range.
(Year and month collected) Average result
LOCATION 93 94 95 Lithology ^*Upp,/AR Notes
Cold Creek 3,6 Pzc 1.46/2.37 (spring discharge 
is from alluvial 
fans on W. slope 
of Spring Mts.)
Deer Spring 6 Pzc 0.31/2.10
McFarland Spring 6 Pzc 1.85/2.04
Whiskey Spring 6 Pzc 1.83/2.05
Willow Crk. Spring 3 Pzc/Qal 0.15/1.82
Ash Meadows region
Fourteen water samples were collected from the regional springs at Ash Meadows, the 
major discharge zone for waters flowing through the lower carbonate aquifer. These 
waters contain both Ca and Mg ions, typical of carbonate-type waters, and Na and K ions, 
derived from the weathering of volcanic rocks. Chemically they are classified as a mixed 
type water (Ca-Mg-Na) (Winograd and Thordarson, 1975).
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(Year and month collected) Average result
LOCATION 93 94 95 Lithology ^*Uppfc/AR Notes
Big Spring 5,10 3.11 Pzc/Qal 2.45/2.82 (Alluvial deposits
Bradford Spring 10 4.11 Pzc/Qal 6.30/2.63 overlie early Pzc.
Cold Spring 5 11 Pzc/Qal 7.07/2.50 units (Bonanza
Crystal Pool Spring 5,10 4,12 Pzc/Qal 2.55/2.66 King F.) which
Fairbanks Spring 5 3,11 Pzc/Qal 2.45/2.61 are believed to
Forest Spring 5 Pzc/Qal 4.08/2.44 be the source rock
Jack Rabbit Spring 5 3,11 Pzc/Qal 3.63/2.59 for the Ash Meadows
Kings Pool Spring 5 Pzc/Qal 3.19/2.48 regional springs).
Longstreet Spring 5.10 3,11 Pzc/Qal 3.05/2.57
Pt. Of Rocks (N.E.) 5,10 3,11 Pzc/Qal 2.99/2.67
Pt. Of Rocks (N.W.) 5,10 3,11 Pzc/Qal 3.09/2.60
Rogers Spring 5,10 3,11 Pzc/Qal 2.89/2.67
Scruggs Spring 10 4,12 Pzc/Qal 2.76/2.44
Tubbs Spring 5 Pzc/Qal 6.04/2.71
Death Valley - Furnace Creek
Samples were collected from seventeen springs and surface waters in the Death Valley- 
Fumace Creek region. Several high-flow springs in southern Death Valley, near Furnace 
Creek, were sampled (Texas, Travertine A and B, and Nevares). Flow to these springs is 
believed to be derived from a combination of underflow from the Ash Meadows region to 
the east, the Amargosa Desert to the northeast, and possibly a small quantity o f local 
recharge from the nearby Funeral Mountains. Water from Texas and Travertine springs is
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chemically very similar to mature mixed carbonate waters at the Ash Meadows. Nevares 
spring has a sulfate-type chemistry (Na-SOJ and higher discharge temperature than the 
other Furnace Creek waters. Springs sampled in the northern reach of the Death Valley 
include, Scotty’s, Grapevine, Briar, and Mesquite.
Table 11. Sampling Locations in the Death Valley - Furnace Creek region.
(Year and month collected) Average result
LOCATION 93 94 95 Lithology =*U ^/A R Notes
Cottonball Marsh #3 7 - 0.37/1.70 Playa Deposit
Cottonball Marsh #6 7 - 2.37/2.37 Playa Deposit
L. Grapevine Spring 7,11 3,11 Pzc/Qal 3.72/1.69
M. Grapevine Spring 11 3 Pzc/Qal 3.65/1.73
U. Grapevine Spring 11 3,11 Pzc/Qal 3.30/1.71
McLean/Salt Spring 7 Qal? 5.68/1.50
Mesquite Spring 7,11 3,11 Qal 5.65/2.05
Nevares Spring 7,11 11 Pzc 1.14/2.13 Travertine Dep.
Saratoga Spring 7,11 3,11 Qal 14.3/1.72
Scottys Castle 7,11 3,11 Tv 7.32/2.15
Surprise Spring 7,11 3,11 Tv 0.52/2.11
Texas Spring 7,11 3,11 Pzc 2.90/2.44 Travertine Dep.
Travertine Spring (A) 7,11 3,11 Pzc 2.94/2.42 Travertine Dep.
Travertine Spring (B) 7,11 3,11 Pzc 3.07/2.41 Travertine Dep.
Upper Brier Spring 7 12 - 2.16/4.10
Woodcamp Spring 4 - 1.34/5.86
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Amai^osa Desert
The chemistry of water sources in the Amargosa Desert has not been as extensively 
studied as the other regions described in this report. Ground water discharge in this area 
is believed to be derived from flow in the Oasis Valley, to the north, and from regions of 
the Furnace Creek - Alkali Flats ground water sub-basin to the northeast and east 
(Figure 2). Ground water chemistry (Na-K-HCOj) is derived from the weathering of the 
primarily volcanic rocks in the areas north and east of the Amargosa Desert (Winograd 
and Thordarson, 1975).
Table 12. Sampling Locations in the Amargosa Desert region.
(Year and month collected) A verage result
LOCATION 93 94 95 Lithology ^*Upp,/AR Notes
Cind-R-Lite 5 Tv 2.59/4.90 -
Coffers Well 6 - 0.06/1.54 -
Jackass Aero Well 5 - 0.56/2.89 Crystalline bedrock
Lathrop Wells 5 - 2.12/2.65 -
Saga WeU (VH-2) 6 - 5.74/2.92 -
Coffers Windmill 9 - 5.37/4.84 -
Nevada Test Site
NTS water sources were sampled to investigate the possibility vertical mixing of 
ground water between the upper volcanic aquifers and the underlying regional 
carbonate-rock aquifer. NTS wells are developed in a variety of hydrogeological 
settings on the site and exhibit considerable variation in chemical composition. The 
locations sampled by the EPA Long Term Hydrological Monitoring Program (LTHMP)
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are shown Figure 13. This includes all of the locations listed in Table 13(a) as well as 
the location most the of the other active wells on the NTS.
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Figure 13. NTS Weils. Water wells routinely sampled on the NTS by the EPA LTHMP 
(from DOE Annual Site Environmental Report, 1994).
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LOCATION 94 NTS Lithology ^ » U ^ /A R Notes
Army Well 1 7 - Pzc 2.36/2.98 -
Army Well 6 A 9 - Qal 0.29/1.78 -
Pilot Well Area 5 6 Area 5 - 4.99/2.43 -
Test Well 7 5 Tv 3.27/1.82 -
Test WeU B 10 Tv 0.16/1.50 -
Test WeU D 12 Pzc 0.91/1.92 -
Water WeU 3 (Groom) 9 - 4.93/2.66 -
Water WeU 4 (Area 6) 7 Tv/Qal 5.53/3.58 -
Water WeU 5 (Groom) 9 - 5.16/1.81 -
Water Well 5C 7 Qal 6.78/1.90 -
Water WeU 6 (Groom) 9 - 0.97/2.03 -
WeU4A 10 Tv/Qal 5.96/3.86 -
WeU SB 10 Qal 5.82/1.41 -
WeU 6 (TTR) 9 - 1.92/2.26 -
W elle 10 Pzc 6.50/3.60 -
WeU C-1 10 Pzc 6.41/3.84 -
WeUH-3 11 - 1.35/1.10 Shoal site
WeUHTH-I 9 Tv? 0.15/1.02 -
WeU 8 7 - 0.29/4.58 -
Well J-12 7 Tv 0.58/4.69 W elded Tuff
WellJ-13 7 Tv 0.49/7.58
WellPMExpl#l 9 - 0 .10/2.00
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LOCATION 94 NTS Lithology " " U ^ /A R Notes
Well U7CD (dewater) 7(93) Pzc? 6.69/3.33
WeU UE-16D 7 Pzc? 2.22/5.24 Eleana F.
WeU UE-16F 5 Pzc? 0.03/1.71 Eleana F.
WeUUE-18R 12 Tv 2.92/6.31 Cat Canyon F.
WeUUE-18T 9 Tv 0.05/1.71 -
WeU UE-IC 10 Qal 3.53/3.35 -
WeU UE-17A 5 Tv 0.65/4.84 -
WeU UE-5N 11 - 1.83/1.96 Cambric Exp.
WeU UE-6D 7 Qal 0.09/2.25 -
WeU UE-6E 10 - 0.74/1.04 -
WeU UE-7NS 12 - 0.58/2.47 -
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In broad outline, the east-central and southeastern portions of the NTS are potentially 
related to ground water flow in the “Ash Meadows” arm of the central corridor of the 
regional carbonate ground water system, while the western and northern portions of the 
site are dominated by local and intermediate size aquifers in the tuffaceous volcanic 
terrain derived from the Timber Mountain and Silent Canyon calderas (Pahute Mesa). 
Three of the eight natural springs in volcanic-rock domain of the NTS were sampled in 
this study.
Table 13(b). Springs Sampled on the Nevada Test Site.
(Year and month collected)_____ Average results
LOCATION 94 Lithology ^ U ^ /A R Notes
Cane Spring 12 Tv 1.93/3.31 Oak Spring Tuff
Tippipah Spring 12 Tv/Qal 0.49/2.52 Eleana F. (quartzite)
Topopah Spring 12 Tv 0.09/1.33 Oak Spring Tuff
NTS ofTsite area (EPA)
In addition to the onsite NTS well samples, fifreen samples were obtained from the 
EPA LTHMP from areas surrounding the NTS. These samples are from a variety of 
water supply sources including agricultural and city wells, springs, residential water 
supplies, and stock ponds. Figure 14 is a map of the EPA offsite sampling points, 
showing the locations sampled in this study as well as a number of other locations which 
are potentially available.
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Figure 14. EPA OfTsite sampling locations. City and agricultural wells, springs, and 
surface waters rountinely sampled by the EPA LTHMP in the areas surrounding the 
NTS (from EPA Offsite Monitoring Report, 1990).
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Table 14. Sampling Locations in the general ofTsite area surrounding the NTS. 
Collected under the EPA Long Term Hydrological Monitoring Program.
(Year and month collected) A verage result
LOCATION 94 Lithology ^«Up^/AR Notes
17S-50E-14CAC 4 Pzc 3.14/2.61 Ash Meadows
18S-51E-7DB 4 Pzc 2.57/3.12 Ash Meadows
Adaven Spring 4 - 4.03/2.71 -
15S-50E-18CDC 4 - 0.80/2.02 -
Johnnie Mine Well 4 Pzc? 3.22/2.57 Ash Meadows
Lake Mead Intake 4 - 5.80/1.51 -
Mary Nickell Well 4 - 1.18/3.82 -
Penoyer Well 7 & 8 4 - 3.70/3.11 -
Sharps Ranch 4 - 2.70/2.53 -
Shoshone Spring 4 - 2.79/2.99 -
Specie Spring 4 - 5.67/3.10 -
Twin Springs Ranch 4 - 8.08/2.89 -
Well 11S-48-1DD 4 2.42/4.06 -
Well 1, Sewer Co. 4 Pzc 3.05/4.40 -
WeU 2, USAF 4 Pzc 2.78/5.78 -
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Miscellaneous sampling locations
Finally, several samples were collected from various locations in southeastern 
California in June of 1994 by Kevin Johannesson of the Harry Reid Center Ground 
Water Chemistry Group (Table 15).
Table 15. Miscellaneous locations sampled outside of the immediate study area.
LOCATION 94 Lithology ^*Uppb/AR Notes
Beck Spring (CA) 10 - 7.69/1 .76 Outside of study area
Chubb Springs (CA) 6 - 15.05/1.39
Hardrock Queen Sprg. 6 - 2.93/3 .89
ZZYYXX 6 - 26.79/2 .00
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CHAPTERS
RESULTS AND CONCLUSIONS 
INTRODUCTION
The initial sections in this chapter summarize the range of uranium concentrations and 
^ U /“ *U activity ratios (AR) found in the waters of the study area. Results are listed 
alphabetically in Appendbc 1. Many of the locations were sampled more than once to 
screen for seasonal changes, however, variability was not a significant factor in the 
majority of samples and, except as noted, averaged results are used in all calculations and 
diagrams.
Mixing models for the Ash Meadows and southern Death Valley-Fumace Creek 
discharge zones were constructed and interpreted. Spring discharge in these two areas 
represents the physical and chemical integration of ground water moving through the 
regional flow system. In addition, results fi’om this investigation are compared to 
previously published data and a classification scheme is developed to showing the 
correlation of uranium signatures in ground water to the major rock-types found in the 
study area. Relevant findings and interpretations fi’om earlier uranium isotope 
investigations of this region are also discussed.
76
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5.1 SUMMARY OF RESULTS
Uranium concentrations in waters sampled for this study ranged from 0.03 ppb in 
Well UE-16F near the center of the NTS, to 8.5 ppb at Surprise Springs on the 
California/Nevada border directly west of the NTS (Figures 12 and 13). The highest 
uranium concentration on the NTS was 6.78 ppb at Water Well SC, near the 
southeastern comer of the site. Higher uranium concentrations were found in several 
lakes and spring pools, however, these concentrations are a result of evaporation of the 
underlying ground water source at the surface (Upper Pahranagat Lake, 32 ppb; Lower 
Paharanagat Lake 69 ppb; Saratoga Spring 14 ppb; Soda Lake, 27 ppb).
Range of Uranium Concentrations
Figure 14 is a histogram of the uranium concentrations found in the waters sampled 
for this investigation. (Surface waters and locations outside of the study area were 
excluded).
R echarge C arbonate Alluvial / volcanic
M ean = 3.03 ppb 
Median=2.84 ppb
Æ 1 1.S 2  2 .5  3  4  4 .5  5 S J  6 6 .5  7  7.5 8 8 5 >8.5
U r a n i u m  c o n c e n t r a t i o n s  ( p p b )
Figure 14. Histogram of uranium concentrations in ground waters of southern 
Nevada and southeastern California. Mean value = 3.03 ppb. Median value = 2.84 
ppb. Three clusters are evident in the data and correspond roughly to composition o f 
the underlying aquifer.
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The mean uranium concentration for all the waters graphed is 3.03 ppb and the 
median is 2.84 ppb. An earlier study by Ludwig and others (1994) reported a median 
value of 2.85 for 37 springs and wells in the same area. Ludwig’s distribution was 
essential unimodal, with seventeen samples falling within the 2.1 to 3.1 ppb interval. In 
the current study the results appear to be trimodal; or a combination of low, medium and 
high subsets. The three clusters have peaks near 0.5 ppb, 3 ppb, and 6 ppb, respectively.
These are tentatively labeled at the top of Figure 14 as the recharge field, carbonate- 
rock field and volcanic/alluvial field.
Range of Activity Ratios
Figure 15 is a histogram of the range of activity ratios (AR) for all of the locations
sampled in the study. Activity ratios (^U/^*U) ranged fi’om a low of 1.04, at Well 
UE-6E on the NTS, to nearly eight at Well J-13 in the southwest comer of the site 
(7.58). ^ U /“ *U isotope ratios are inherently more conservative than uranium 
concentration because they are less likely to be altered by evaporation or other physio- 
chemical processes.
An example of this was seen in the samples collected for this study. The initial 
concentration of uranium in two springs supplying a terminal lake system northeast of 
the NTS (Pahranagat Lakes) is approximately 3 ppb, however, evaporation in this closed 
system increases the concentration of uranium in the upper lake by a factor of more than 
ten (32 ppb) with little or no change in the ratio of the two major uranium isotopes. 
Uranium concentrations in the lower, terminal lake are even higher (~ 69 ppb).
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Figure 15. Histogram of activity ratios (AR) in the Study Area. Mean = 2.76, 
Median = 2.52. The distribution is dominated by carbonate and mixed/carbonate type 
waters with AR’s greater than or equal to 2.5 and less than 3.5.
The AR distribution has a central cluster at AR’s -  2.5. Numerically, 48 of the 103 
results have AR’s between 2.5 and 3.5. This is a reflection of the dominance of 
carbonate, and mixed carbonate-type waters in the regional ground water system. The 
non-symmetrical distribution around the mean in Figure 15 may be a result of the greater 
likelihood for recharge waters, with low AR’s, to mix with waters in the center of the 
diagram (carbonate waters). Waters with higher than average AR’s, to the right of the 
mean, are typically fi’om stagnant carbonate-rock zones or isolated volcanic aquifers and 
are therefore less likely to mix with the regional system.
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There are a number of exceptions and refinements to the trends evident in the 
preceding graphs. For example, the recharge field in Figure 14 includes a number of 
“older” volcanic waters (NTS Wells J-12, J-13), in addition, several carbonate-type 
waters plot well outside of the carbonate field based on activity ratios alone (AR > 5). 
These unusual uranium “ signatures”, and how they may relate to specific aquifer 
lithologies and flow path dynamics, are discussed further in a later section.
5.2 PREVIOUS INVESTIGATIONS
Pertinent investigations of the regional flow patterns using uranium-series data have 
been carried out by Cowart, (1980), Osmond and Cowart (1982), Ludwig, 1994, 
unpublished.
Ash Meadows area: Cowart (1980, Osmond and Cowart, 1982)
Cowart’s research in 1979 - 80, published in Ivanovich and Harmon (1982), 
supports a linear two component mixing trend with the Ash Meadows springs being a 
mixture ground water from the Hiko-Pahranagat region and the Spring Mountains. 
Cowart’s work reinforced earlier findings based by Winograd and Friedman (1972) 
based on deuterium / hydrogen ratios. Both the stable isotope data and uranium 
signatures suggest that approximately 65 percent of the water discharging at Ash 
Meadows is derived fi'om the nearby recharge area in the Spring Mountains and the 
remaining 35 percent is derived fi'om the more distant Pahranagat-Hiko region. This is 
significant because it would mean that approximately 35 percent of the 17,000 acre- 
feet/yr discharging at Ash Meadows, or about 6,000 acre-feet, very likely flows under
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the southeast comer of the NTS in the lower carbonate aquifer. An NTS underflow 
component of ~ 6,000 acre-feet is based on spring discharge of 17,000 acre-feet/yr at 
Ash Meadows. Factoring in évapotranspiration of approximately 9,000 acre-feet/yr for 
the Ash Meadows region, in addition to spring discharge, would potentially increase the 
magnitude of the underflow component.
Interbasinal flow under the southeastem comer of the NTS is also supported by 
the existence of a hydrological barrier at the southem end on the Pahranagat flow system 
near Maynard Dry Lake. According to Winograd and Thordarson (1975), a sub-surface 
barrier south of the Pahranagat Valley may alter the predominately north to south flow 
pattem and divert a portion of the ground water being carried in the lower carbonate 
aquifer to the towards the Ash Meadows region to the southwest.
Cowart also identified a third component water characterized by the waters fi’om 
USAF Wells 1 and 2 near Indian Springs, Nevada just south of the NTS. Ground water 
in the Indian Springs area appears to have a small, but detectable, effect on the uranium 
signature of nearby Army Well 1 on the NTS and possibly Big Springs in the Ash 
Meadows region. Hydrogelogical investigation of the Indian Springs region suggests 
that it is an isolated block of the lower carbonate aquifer characterized by very slow- 
moving, stagnant ground waters. The Indian Springs waters also have some of the 
highest ^ U  / ^*U activity ratios of any of the waters in the study area. This is significant 
because the development of uranium disequilibrium can, under certain conditions, be 
related to the time of the rock-water interaction (Bonotto 1993)
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Death Valley and NTS
A 1994 study by Ludwig of the U.S. Geological Survey reports the activity ratio 
(AR) of approximately thirty seven waters in Ash Meadows hydrological basin, including 
some NTS wells. Ludwig defines two or possibly three mixing trends. (A mixing trend 
in this context is a set of waters whose uranium activity ratios ( ^  U / ^* U) fall between 
two end member waters and have composition that is a binary mixture of component 
waters.) One o f  the major mixing trends identified in this study was the same as the one 
described by Cowart for the water fi'om the Pahranagat region and the Spring 
Mountains. Ludwig calls this the “main” trend but does not assign relative volumes to 
the component waters. He also describes a second major trend which encompasses the 
mixing of Death Valley waters with water coming fi'om the basins north of the Death 
Valley region. The discharge at Grapevine springs, in the northern part of Death Valley, 
appears to be most effected by waters fi'om above the Death Valley region with springs 
further south having uranium signatures more closely related to those of the Ash 
Meadows region. This is potentially consistent with dilution of the springs by waters 
with relatively low uranium concentrations and low activity ratios, such as recent 
recharge waters.
The uranium signature of wells on and near the NTS are also reported by Ludwig and 
Peterman. According to the authors. Coffers Well near the town of Beatty, NV, is the 
extreme end member of carbonate waters with unusually high activity ratios. This trend 
includes some wells in the southwestern part of the NTS (Wells J-12 and J-13). Well 
UE-15D on the NTS represents the end member for widespread, moderate (AR) 
carbonate waters that make up the “main” mixing trend for the regional aquifer.
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5.3 ASH MEADOWS DISCHARGE ZONE
Figure 16 shows the uranium geochemistry o f the Ash Meadows spring field
constructed fi’om data collected in this study. As described previously, the end member 
waters used to model the Ash Meadows discharge zone as a binary system are 
represented by the Hiko-Pahranagat springs (Ash, Crystal and Hiko) and the springs on 
the western slope of the Springs Mountains (Deer, Willow, Whiskey, and McFarland). 
\fixing occurs along the Ash Meadows spring lineament, just south on NTS, fi'om 
Fairbanks Spring at the northwestern end of the spring line to Big Springs at the 
southeastem end (see Figure 6).
Uranium concentrations (x-axis) are plotted versus “excess” (y-axis). This 
method of displaying uranium-series data has been described in an earlier chapter. Data 
graphed in this way is a linear representation of a given mixing regime and the distance 
between individual datapoints or fields is inversely related to the actual mixing 
proportions (Osmond and Cowart, 1976). Mixing proportions of the ground water 
components can be derived fiom ^U  “excess” graph either mathematically or 
graphically.
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Figure 16. Uranium mixing diagram for the Ash Meadows discharge zone. Plot is 
based on averaged values, except the locations in the Spring Mountains which were 
collected only once during the winter o f1995. Group A springs (circled in center o f 
dia.) contribute over half the total flaw and are not effected by evaporation (plot on 
mixing line). Group B springs (above and to the right of Group A) trend along an 
apparent evaporation line with the most distant spring (Cold) having about twice the 
uranium concentration of the average of the Group A springs. HP = Hiko-Pahranagat, 
AM = Ash Meadows.
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Interpretation of the Ash Meadows results
Assuming conservative mixing of uranium dissolved in these waters occurs prior to 
discharge at Ash meadows several trends are evident in the data presented in Figure 16;
Main-Mixing, and Exapoiation Jünss:
1) The data points fall generally along a trend from the dilute recharge waters of the 
Spring Mountain region (bottom left comer) to the mature carbonate waters of the Hiko- 
Pahranagat region (top center of diagram). Graphically, the uranium signatures of Ash 
Meadows group are intermediate between these two end member waters (Group A 
springs). Group A includes the two springs with the highest flow rates (Fairbanks (17%) 
and Crystal Pool (28%). Geographically, Fairbanks Spring is at the north end of the 
spring line and Crystal Pool in approximately the center (Figure 6). Big Springs is near 
the southem end of the spring line and is also part of the Group A springs.
2) Tubbs, Cold and Bradford springs plot well off the binary mixing line in the upper 
right of the diagram. Group B springs (Kings Pool, Longstreet, Rogers, and Jackrabbit, 
etc.) also diverge from the mixing line between the Spring Mountains and the Hiko- 
Pahranagat region. This trend is labeled as an evaporation line on the diagram. The 
most affected evaporation line springs (Group B, Forest, Jackrabbit, Tubbs, Bradford 
and Cold) show a steady increase in uranium concentration from the origin of the 
evaporation trendline to at the most distant end in the upper right of diagram.
The most distant springs on the evaporation line are graphed separately in Figure 17. 
The graph shows that the activity ratios (AR) of this group of springs is fairly constant 
(range 2.44 to 2.71, mean AR = 2.59, however, uranium concentrations in these springs 
varies from 2.9 ppb at Rogers Spring to a high of 7.1 ppb for Cold Springs. This is
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exactly what would be predicted if they were waters from the same source altered by 
varying amounts of evaporation.
It also worth noting that the mean AR for all twelve springs on the evaporation line is 
2.61, or essentially identical to that of the “main” mixing line springs (Group A springs, 
mean AR = 2.64) This further reinforces the isotopic similarity o f all the springs at Ash 
Meadows in spite of the differences that exist in uranium concentrations.
t
g
I
s
I
i i 7  p p b
■ CoM SDrina
■ Bradford Spring 6  p p b
■ Tiihh'c Snrinn
5  p p b
EVAPORATION
OR
"RECYCLED WATER"
4  p p b
■ Forest Sorfnos
■ Jackrabbit Spring
■ Johnnie Mine Well ^
■ P t  of Rocks (NW)
■ Rogers Spring (Ash Md.)
_____ 1______________________ 1-----------------------------------
1.6 2.5 3.6
ACTIVITY RATIO U-234/U-238
4.6
Figure 17. Plot of the springs on the evaporation trend line of Figure 16.
Concentration on the y-axis is plotted against the activity ratio (AR) showing that 
uranium concentrations in these waters have been altered by evaporation, while 
isotopic ratios remain relatively constant.
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Evapotranspiration is know to be a significant process at Ash Meadows, and has been 
estimated to be about 9,000 acre-feet per year. For comparison, total spring flow is 
about twice this amount, or 17,000 acre-feet per year (Winograd and Thordarson, 1975). 
Since spring discharge at Ash Meadows has no outlet it is possible that some percentage 
of the outflow water may be being “recycled” in the surface alluvium and make up part 
of the flow fi'om smaller springs beyond the fault line.
The proportion o f water that is being “recycled” is difiScult to judge. Most of the 
original Pleistocene orifices of the Ash Meadows springs have been buried by extensive 
fluvial and alluvial deposits and the spring outflows follow tortuous paths to the surface 
(Winograd and Pearson, 1976). Thus, ground water with an unaltered uranium 
signature, most likely resembling that of Crystal Pool or Fairbanks Spring, may either be 
diflüsing out of the spring “pipes” on the way to the surface or re-infiltrate after 
emerging fi'om the spring orifices at the surface. Further, because the regional water 
table lies close to the surface at Ash Meadows, it is also possible that ground water fi'om 
the carbonate aquifer is upwelling directly into the alluvium in some areas (Winograd, 
1976).
Simplistically, the most concentrated springs (Bradford, Tubbs and Cold) have 
uranium concentrations approximately twice that of the unaltered springs (Fairbanks, 
Crystal Pool). If all o f the 17,000 acre feet of water discharging at Ash Meadows were 
recycled, the observed concentration effect would suggest that about half the outflow 
water, or ~ 8,500 acre-feet, has been lost to evaporation. This is in agreement with the 
9,000 acre-feet estimated from the Maxey-Eakin évapotranspiration model for the Ash 
Meadows region (Eakin, 1976), however, the data is too sparse to draw a firm 
conclusion. Investigation of the concentration “effect” at Ash Meadows would require 
sampling of ground water in the shallow soil zone downgradient of the major springs.
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Calculation of Mixing proportion at the Ash^eadows discharge zone:
3) Based on simple binary mixing the majority of the water discharging from the Ash 
Meadows springs appears to be derived from the Spring Mountains. This is shown on 
the diagram by the close relationship of the Ash Meadows springs to the uranium 
“signatures” of Cold Creek, McFarland, and Whiskey Springs in the Spring Mountain 
range (bottom left of diagram). Using uranium activity ratios (AR), the calculated 
contribution of mature carbonate-type water from the White River flow system (Hiko - 
Pahranagat region), east of the NTS, to seven major springs in the Ash Meadows 
discharge region ranges from 24 percent for Kings Pool to 56 percent for Big Springs.
Corrected for the relative flow rates of the major springs, the Hiko-Pahranagat 
ground water component makes up about 31 percent of the total springflow. The 
remaining water, or slightly more than two thirds of the total discharge, is derived from 
recharge in the nearby Spring Mountains. This is nearly identical to the mixing 
proportions calculated by Winograd and Friedman in 1972, using stable isotopes, and 
Osmond and Cowart in 1982, using uranium isotope data.
4) Table 16 compares three methods of calculating the mixing proportions for the Ash 
Meadows system. In addition to the activity ratio method (described above), uranium 
concentrations, and ^ U  “excess” values are used to derive mixing proportions. After 
the contribution of each individual spring was determined by each of the three methods 
its was weighed by the spring flow percentages listed in colunm two of Table 16 and a 
single percentage calculated to represent the relative amount of water entering the 
system from the Hiko-Pahranagat region.
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Table 16. Comparison of three methods for determining mixing proportions at the 
Ash Meadows discharge zone. Weighted averages represent the net relative 
proportion o f the Hiko-Pahranagat underflow component, correctedfor spring flaw  
amounts.
Location % total flow “ ‘U(ppb) AR % wrt  ̂
(ppb)
% wrt 
(AR)
%wrt
(X234)
SpnngMts. <W memher> (1-46) (2-37) -
Hiko-Pab. . .<eodinember> (4.0S) (3-17) -
Fairbanks 17 2.45 2.61 37.8 30.2 28.4
Rogers 7 2.89 2.67 54.6 37.7 41.3
Longstreet 10 3.05 2.57 60.7 25.1 40.8
Crystal Pool 28 2.55 2.67 41.6 37.7 33.0
Kings Pool 15 3.11 2.56 63.0 23.9 41.7
Jack Rabbit 6 3.63 2.59 82.4* 27.6 54.9*
Big Springs 10 2.45 2.82 37.8 56.5* 36.0
W ei^ted Average
%
(44.5) (33.1)
Max % 82.4 56.5 54.9
Min% 37.7 23.9 28.4
(Winograd and Thordarson, 1975).
\w ith  respect to).
Discussion Hiko-Pahraranagat or “underflow” component at Ash Meadows:
5) Using the AR or the “excess” method gave more consistent results than the use 
of just the uranium concentration. From Table 16, the respective ranges for the derived 
flow proportions of the Hiko-Pahranagat “underflow” component are between 38 and 82 
percent based on uranium concentrations, fl-om 24 to 57 percent for the AR calculations, 
and fi’om 28 to 55 percent for the “excess” calculations.
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The AR and “excess” methods both rely on isotopic ratios, the AR method 
directly and the “excess” method indirectly. This my explain the consistency in the 
results for the two methods.. Another way to compare the three methods is graphically. 
Because of the similarity o f the AR and “excess” results, only the AR and uranium
concentration results were examined. Figure 18 clearly demonstrates the effect of 
evaporation on uranium concentrations in the Ash Meadows spring discharge field. The 
arrow at the top of the bar graph shows the “apparent” proportion of the ffiko- 
Pahranagat component can be as high as 82 percent or as low as 38 percent.
Conversely, percentages derived fi-om the AR are far less variable and, when adjusted for 
flow rates, agree quite closely with the “excess” pattern and results fi'om earlier 
investigations.
The graph at the bottom of Figure 18 shows the flow rate for each of the major 
springs. Generally, the greater the flow rate, the less effect is seen from evaporation.
For example. Crystal Pool in the center of the graph has the highest relative flow rate 
(28%) and is also the spring in which the concentration and AR calculations are in 
closest agreement.
Interestingly, Big Springs at the far right of the top graph of Figure 18, is the only 
spring in which the concentration result is greater than the AR result. Big Springs also 
has the highest AR (2.82) and lowest uranium concentration (2.45ppb) o f all the Ash 
Meadows springs. Researchers have suggested a third ground water mixing component 
may explain the anomalous uranium “signature” at this spring (Cowart, 1982). If  this is 
the case, the hypothetical component would have a higher activity ratio than the average 
for the Ash Meadows springs (2.64) and low to moderate uranium concentrations.
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Figure 18. Graph of the AR and U-concentration methods for calculating mixing 
volumes at the Ash Meadows springs. Relative mixing proportions are shown for the 
two methods on the bar graph at the top. The corresponding flow percentages for the 
major spring are shown on the bottom graph. Order o f springs is the same as listed in 
Table 16.
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Selection of end member components for the Ash Meadows discharge zone:
6) The end member components for the activity ratio method of calculation presented in 
Table 16 were Crystal Springs in the îDko-Pahranagat region (AR = 3.17/4.1 ppb) and 
Cold Creek Spring (AR = 2.4 / 1.5 ppb) in the Spring Mountains.
Crystal Springs was chosen as the upper end member component because of its 
location in the northern portion of the “central flow corridor”, high flow, and the 
possibility of obtaining an unaltered sample directly from the spring orifice. Conversely, 
Hiko Springs, in the same region, upwells at the base of a small cliff making it difficult to 
sample the origin of the spring. Taking this into account, the uranium signature offfiko 
Springs may be slightly altered by evaporation, and therefore, not representative of the 
regional carbonate aquifer. However, it should be noted that, while the concentration of 
uranium in Hiko Springs is slightly greater than at Crystal Springs, the AR’s are nearly 
identical (Hiko Springs, AR = 3.04/4.99 ppb; Crystal Springs, AR = 3.17/4.1 ppb).
The other major spring in the Hko-Pahranagat area. Ash Springs, has an anomalous 
isotopic signature. Both the uranium concentration and activity ratio are significantly 
lower than the other regional springs in the Hiko-Pahranagat area. Ash Springs also has 
a higher discharge temperature and an atypical Sr isotope signature (Peterman, 1994). 
The unusual geochemistry of this spring has been noted by previous researchers, most 
notably Cowart (1982), however, no explanation has been given.
It is possible that the unusual geochemistry of this spring is related to locally elevated 
sub-surface temperatures or unusually deep circulation in the underlying lower carbonate 
units. Thermal re-equilibration of uranium isotope ratios may occur at elevated
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temperatures (Ivanovich and Harmon, 1992), also, a reduction in the solubility of 
carbonates at elevated temperatures (retrograde solubility) could account for the 
relatively low uranium concentration found at Ash Springs.
For the purposes of the mixing diagrams presented in this report. Ash Springs has 
been excluded as an end-member water for the Hiko-Pahranagat region. This is based 
partially on the reason discussed above, and also on a consideration of the consistent 
uranium signatures in colder springs above and below Ash Springs (Table 17). The 
springs are considered representative ground water in the north to south, or Lake Mead 
arm, of the “central corridor” (Figure 3). Crystal Springs is representative of the water 
flowing in the lower carbonate aquifer beneath the Hiko-Pahrangat region and has an 
activity ratio (AR) very similar to Hiko, Rogers, Muddy, and Bluepoint springs. Warm 
Springs and Nevares (bottom of Table 17) are not in the “central flow corridor”, but are 
included to demonstrate the unusual uranium signatures found in springs having 
relatively high discharge temperatures.
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Table 17. Uranium signatures for springs in the Hiko-Pahranagat and Muddy 
Springs areas (Lake Mead arm of the ‘̂ Central Flow Corridor”). Colder springs 
along a generally north - south transect in the eastern part o f the study area exhibit 
uniform isotope ratios (AR) and fairly similar uranium concentrations ^pb). Higher 
temperature springs have relatively lower uranium concentrations and AR's.
Location U-238 (ppb) Activity Ratio (AR) Temperature'
C°
Crystal Springs 4.08 3.17 28
Hiko Springs 4.99 3.04 28
Muddy Springs 3.78 3.13 32
Rogers Spring 3.69 3.08 30
Bluepoint * 2.73 3.09 28
AshSpiings 2.44 36
Nevares^ 2.13 38.5^
Waon Springs * Q25 2.06 63
•  Holloway and others (1989); Warm Springs is north o f  the NTS and Bluepoint is near Lake Mead, 
southeast o f  the study area (used with permission).
 ̂ from Thermal Waters o f  Nevada, Garside and Schilling (1979).
 ̂regional spring in southern Death Valley - Furnace Creek area 
 ̂ from USGS Open-File Report 90-355, McKinley, Long, and Benson (1990).
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Samples were collected at Ash Springs for ten consecutive months in 1994 and 1995 
and are graphed in Figure 18. No obvious seasonal fluctuations or trends were seen in 
the data and the reason for the unusual geochemistry of this spring not known.
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Figure 19. Time-series plot of uranium concentrations and activity ratios at Ash 
Springs. (Hiko-Pahranagat region o f the study area).
Cold Creek Springs was used as the lower end member of the Ash Meadows system 
because it appears to represent the most geochemically evolved water in the Spring 
Mountain recharge field. McFarland and Whiskey Springs both plot in nearly the same 
area on Figure 16 and graphically would give very similar mixing ratios, however, they 
each have lower activity ratios than Cold Creek Spring and may represent slightly more 
immature waters (McFarland, AR=1.9 /1.8 ppb; Whiskey, AR=1.9 /1.8 ppb). In 
addition. Cold Creek Spring emerges from at a lower elevation than the other two 
springs and is hydrologically downgradient.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
96
The average activity ratio for all the Ash Meadows springs is about 2.64. As 
expected, this is intermediate between older, more geochemically mature recharge waters 
from the Hiko-Pahranagat region (AR = 3.17) and the younger waters derived from 
recent recharge in the Spring Mountains (AR range = 1.9 to 2.4).
Other possible end-member waters on the NTS:
7) One point o f interest in investigations of the Ash Meadows system is the possibility 
that waters from volcanic and alluvial aquifers on the NTS may move mix with water in 
the carbonate aquifer where it flows under the site. Figure 19 is a graph showing the 
uranium “signature” for waters from several of the areas that could conceivably be 
hydrologically connected to ground water discharge at Ash Meadows. Each group of 
circled waters (#1, 2, 3, & 4) represents a possible ground water field from an area on or 
adjacent to the NTS. When the Ash Meadows mixing diagram is plotted on the same 
diagram it lies roughly in the center of the four potential NTS ground water fields.
It should be noted that the average uranium signature for the potential NTS end- 
members water represents the mean uranium signature for closely related waters in a 
specific area o f the NTS, or adjacent region, and does not necessarily imply a close 
hydrological connection between individual water sources in each field. This is probably 
most evident in the NTS alluvial field (#3). Water from the two wells in this area (Well 
5B and SC) have similar uranium concentrations (~ 7 ppb) and dissimilar activity ratios, 
1.40 and 1.90 respectively. The likelihood that some proportion of the water from one, 
or more, areas on or adjacent to the NTS is mixing with the Ash Meadows waters is 
discussed for each hypothetical ground water field (#’s 1,2,3, and 4).
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Figure 20. Potential upgradient ground water fields on the Nevada Test Site.
UJ) Carbonate waters between Yucca and Frenchmans Flats; #2) Alluvial waters near 
Mercury, NV (Frenchmans Flat); H2) Volcanic waters in Jackass Flats; U4) Carbonate- 
type waters near Indian Springs, NV.
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Field # 1) Well C and C-1, (carbonate wells located in Yucca Flats at the northern 
end of Frenchmans Flat): (average uranium signature 6.46 ppb / AR = 3.72)
Graphically, the position of this field is beyond the upper end of the Ash Meadows 
diagram on Figure 20. The effect of any mixing with a ground water similar to the Hiko- 
Pahranagat lower carbonate end-member would be to increase the AR and uranium 
concentration of the underflow component prior to discharge at Ash Meadows. This 
does not appear likely for two reasons; one, with the exception of Big Springs near the 
southern end of the Ash Meadows spring line, .lone of the springs in the Ash Meadows 
field plot above the main mixing line, and, two, given the position of the Ash Meadows 
field in Figure 16 or 20, any mixing would require a significant increase in the relative 
proportion of the Spring Mountain component.
For example, a hypothetical end member mid-way between Crystal Springs and NTS 
field #1 (Well C and C-1), representing a 50:50 mixture of Hiko-Pahranagat carbonate 
waters and NTS end-member component #1, would reduce relative proportion of the 
carbonate aquifer underflow component at Ash Meadows fi'om 30-35 percent to 20 
percent of the total discharge. With an annual discharge of ~ 17,000 acre-feet from the 
Ash Meadow springs, this would require approximately 3,400 acre-feet of water, or 
1,700 acre-feet fi'om each of the two carbonate ground water sources (Hiko-Pahranagat 
and the NTS). However, recharge to the carbonate aquifer fi'om the southern half of the 
NTS has been estimated to be, at most, a few hundred acre-feet.
This estimate is based on work by Winograd and Thordarson who considered 
potentiometric surfaces, the distribution of impermeable units, and total recharge to the 
upper Cenozoic aquifers (Winograd and Thordarson, C92 - C93, 1975).
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If water with the characteristics of the Well C and C-1 (NT field #1) does discharge 
at Ash Meadows it is likely to represent a fairly small contribution. Recently, a new well 
has been developed in the southeastern comer of the NTS, near Mercury, NV (Well 
SM23-1, HRMP, June 1996). The new well is at a depth sufficient to draw water fi'om 
the lower carbonate aquifer, and sampling of Well SM23-1 could provide information on 
whether the NTS underflow component is isotopically similar to waters fi'om the east 
and northeast (Hiko-Pahranagat area) or is influenced to some degree by ground water 
movement fi'om the north (Well C and C-1).
Field # 2) Water Well 5C and SB, (north of Mercury, NV in Frenchmans Flat on 
the NT: (average uranium signature 6.30 ppb / AR = 1.66)
These two wells tap upper alluvial units in Area 5 on the NT. This is reflected in 
their relatively low activity ratios (AR), placing them in the lower right hand comer of 
Figure 20. Based on position alone they could represent one comer of a mixing triangle 
with the Ash Meadows springs, however, the major springs which would most plausibly 
be affected, because of their proximity to the southem boundary NT, are not (Fairbanks 
and Crystal Pool). Further, the activity ratio at the minor Ash Meadows springs (Group 
B, Forest, Jackrabbit) shows no evidence of mixing with low AR waters (Figure 17). 
These factors taken together make it unlikely that a significant quantity of water fi'om the 
upper alluvial units of Frenchmans Flat discharge at Ash Meadows.
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Field # 3) Well J-12 and J-13 : (volcanic-rock aquifer in southem Jackass Flats): 
(average uranium signature 0.54 ppb / AR = 6.14)
The waters on the Ash Meadows main mixing line and evaporation trend do not 
appear to be altered by mixing with volcanic-rock derived ground waters from the NT. 
Winograd and Thordarson’s estimate of recharge to the carbonate aquifer in this area is 
less than 100 acre-feet per year, also, vertical connection to lower water-bearing units 
may be effectively blocked by impermeable clastic units in much of Jackass Flats 
(Winograd and Thordarson, 1975).
Field # 4) Well-2, USAF and Sewer Well #1 : Indian Springs carbonate-block, 
south of the NT and east of Ash Meadows: (average uranium signature 2.92 ppb / 
AR = 5.09)
Water in this portion of the lower carbonate aquifer is believed to be relatively slow 
moving compared to flow in the area upgradient of the Ash Meadows discharge zone 
(Winograd, 1976). Previous researchers have suggested that water in the Indian Springs 
block may contribute to flow at Army Well #1 and, possibly. Big Springs. On Figure 20 
both of these springs fall within a mixing triangle formed by the Spring Mountain field, 
the Hiko-Pahranagat field and the Indian Springs field. Big Springs seems only modestly 
“drawn off’ the main mixing line and while the contribution may not be large, this could 
conceivable explain why Big Springs has the highest AR of any of the Ash Meadows 
springs (AR = 2.82).
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5.4 SOUTHERN DEATH VALLEY-FURNACE CREEK DISCHARGE ZONE
The geological setting and hydrogeology of the Death Valley and Furnace Creek 
region, and areas to the west, are complex (Claasen, 1983). As a result, ground water 
components in the Death Valley region are poorly characterized, both because of the 
modest number of sampling points in this area and the difficulty in tracing hydrological 
relationships over any distance. In addition, because Death Valley is the ultimate sink for 
ground water flowing fi’om the south and west, a variety hydrological inputs into the 
system are possible.
One significant ground water input is the interbasin movement of ground water 
beneath the Funeral Mountains from the Ash Meadows area. This possibility has been 
identified by several researchers (Winograd and Thordarson, 1975, Osmond and Cowart, 
1982, Johannesson and others, 1995). The underflow component has been described as 
a continuation of east-west regional flow fi'om the Ash Meadows discharge zone via the 
lower carbonate aquifer, and is believed to account for perhaps as much as 95 percent of 
the flow fi'om the southem Death Valley - Furnace Creek springs (Winograd and 
Thordarson, 1975).
Against this backdrop, an interpretation of a possible ground water mixing regime is 
developed for the springs in the southem Death Valley - Fumace Creek discharge zone. 
As for the Ash Meadows system, the selection of end-member components is an 
important aspect of developing an isotope-based mixing model. The first consideration 
is to correlate the pattern of geochemical variability in the area with the major 
hydrological flow pattems.
This was accomplished by comparing the uranium isotope signatures for spring 
discharge in southem Death Valley - Fumace Creek with Ash Meadows ground water
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components, a carbonate-rock spring in northern Death Valley, Grapevine Springs, and 
Salt/McLean springs which lies immediately northwest of the major Death Valley - 
Fumace Creek discharge field. In this scenario, the springs in southem Death Valley; 
Texas, Travertine A and B, and Nevares represent the resultant water fi-om a mixture of 
a well-defined eastem component fi’om Ash Meadows and poorly-defined component 
moving downgradient fi'om Grapevine Springs and Salt/McLean Springs to the north.
Other than the fact that Grapevine and Salt/McClean springs lie within the same 
hydrological sub-basin and are upgradient of the discharge field, there is little to 
conclusively cormect them with discharge at the major Death Valley springs to the south. 
However, significant local recharge in component in the topographic basin surrounding 
the southem Death Valley springs seems even a more unlikely given that rain fall 
averages < 4  cm annually in this 390 km  ̂basin (Winograd and Thordarson, 1975).
Thus, if spring discharge in southem Death Valley is closely related, but not identical, to 
that at Ash Meadows, a second or third ground water component from outside of the 
topographic basin may be involved.
Figure 21 is a graph of the average uranium signature for the ground water 
components under consideration in the Death Valley discharge zone. The resultant field, 
southem Death Valley (SDV), is at the left of the diagram, the Ash Meadows main 
(AMM) and evaporation components (AME) are plotted on the right. In the center is 
the uranium signature of upper, middle and lower Grapevine Springs in Northem Death 
Valley. (Salt/McLean Springs is not shown, but has a uranium signature similar to that 
of Grapevine Springs).
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Figure 21. Four potential ground water components in the Southem Death Valley 
discharge zone. SDV=southem Death Valley; NDV^northem Death Valley; 
AMM=Ash Meadows main-line; AME=Ash Meadows evaporation-line (note: only the 
activity ratios (AR) are graphedfor the Ash Meadows evaporation fie ld
Interpretation of the Southern Death Valley-Fumace Creek Results
1) The southern Death Valley waters have modestly higher uranium concentrations and 
lower activity ratios (AR) than the Ash Meadows waters they are derived from.
Although the difference is not large, twelve analyses of Texas and Travertine springs 
collected between March of 1993 and November of 1994 had an average uranium 
concentration of 2.97 ppb and an AR of 2.42. In the same time period the average AR 
for the Ash Meadows springs was 2.64 and uranium concentrations ranged from 2.45 to 
7.07 ppb. A t-test comparing the activity ratios (AR) of Texas and Travertine Springs 
with the those at Ash Meadows suggests that the difference in AR between the two 
zones is statistically significant at the 95 percent confidence level.
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One way to account for the difference between the average uranium signature of the 
Ash Meadows underflow component and the slightly different uranium signature found 
in the spring discharge fi'om Texas and the Travertine Springs in southem Death Valley 
is to postulate that a ground water component fi'om the north contributes to discharge in 
southem Death Valley. Mixing of the Ash Meadows component(s) with ground water 
fi'om northem Death Valley (NDV on Figure 21), could theoretically result in the 
uranium signature seen in Texas and Travertine springs.
Graphically, this can be seen on Figure 21 by considering the relationship of the four 
mixing components to the dashed line representing the average activity ratio of the Ash 
Meadows field (AR=2.64). The SDV component has both a lower activity ratio and 
higher uranium concentration than the unaltered (unevaporated) Ash Meadows signature 
(AMM). Further the northem Death Valley component (NDV) exhibits the correct 
combination of a higher concentration and lower AR, which when mixed with the Ash 
Meadows component could give rise to the observed isotope signature of the southem 
Death Valley - Fumace Creek discharge zone (SDV).
2) Figure 22 shows the relationship of the SDV field to the other ground water 
components in this region. The SDV field appears to lie within a three component 
mixing regime, consisting of (AMM), an Ash Meadows component that is unaffected by 
evaporation, the Ash Meadows evaporation component, (AME), and (NDV), a northem 
Death Valley ground water component.
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Figure 22. Mixing diagram for springs in northem and southern Death Valley. A
variety o f isotopic signatures are evident because of the complex hydrogeology o f this 
region. Ground water components shown are: NDV=northem Death Valley; 
SDV=southem Death Valley - Fumace Creek; HF=Hiko~Pahranagat; AM=Ash 
Meadows discharge field; SM=SpringMt. recharge zone.
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Proposed ground water mixing proportions in southem Death Valley:
3) Using mixing equations presented in chapter three, the relative contribution of each 
possible hydrological input to spring discharge in southem Death Valley were derived. 
The relative proportion of water from northem Death Valley was calculated using both 
Grapevine Springs and Salt/McLean Spring as end-members. Considering only 
Grapevine Springs, the derived mixing proportions were 76 percent underflow water 
from Ash Meadows and 24 percent northem Death Valley ground water. Using Salt 
/McLean as the northem Death Valley end-member gave slightly different ratios, with 
81 percent for the Ash Meadows underflow component and 19 percent for the northem 
Death Valley component.
The proposed model of spring discharge in southern Death Valley can be further 
refined by considering the relative proportions of the two ground water components 
from Ash Meadows; the Ash Meadow main-line component (AMM) and the Ash 
Meadows evaporation component (AME). This calculation was performed to allow 
mass balance with respect to uranium concentration in southem Death Valley springs. 
More precisely, when mixing proportions for the Ash Meadows and northem Death 
Valley regions are derived from a consideration of the appropriate activity ratios the 
average uranium concentration of the high flow Ash Meadows springs (~ 2.5 ppb) is 
insufiBcient to make up the measured average uranium concentration in Texas and 
Travertine springs of 3.56 ppb.
The deficiency can be corrected by mixing a small amount of water typical of most 
extreme concentrations found in Ash Meadows, AME ( - 6 - 7  ppb), with the waters of 
the main carbonate line (AMM). The relative proportion of unaltered (AMM) and 
altered water (AME) leaving Ash Meadows as underflow consist of more than 90 
percent unaltered water and less than 10 percent water altered by evaporation (AME).
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The mixing proportions for the two scenarios discussed are summarized below. 
Weighting the ~ 90:10 split of the Ash Meadows underflow component allows 
assignment of relative flow proportions for each of the three components shown at the 
three comers of the southem Death Valley mixing triangle in Figure 22.
Table 18. Two possible mixing regimes for spring discharge in southem Death 
Valley, (see Figure 22). AMM=Ash Meadows main-line; AME=Ash Meadows 
evaporation-line; NDV=norihem Death Valley. Column two shows the mixing 
proportions using Grapevine Springs as the northem end-member. Column three using 
Salt/McLean Springs (in percent of total spring discharge).
Ground water component Grapevine Springs Salt/McLean Springs
AMM 71% 74%
AME 5% 7%
NDV 24% 19%
Assumptions for the Death Valley mixing model
The derived mixing regimes for southem Death Valley are based on limited data and a 
number of assumptions. In particular, the difference in isotope signatures is slight 
between Ash Meadows and southem Death Valley. This is especially true for uranium 
concentrations. It may be that the slightly higher uranium concentrations in southem 
Death Valley are a result of evolution within the flow path and the small Ash Meadows 
evaporation component derived in the model (AME) is not required. Also, ground water 
from the central Amargosa desert, hydraulically upgradient of the Ash Meadows, could 
be altering the uranium signature of the underflow component before it passes under the 
Funeral Mountains. This possibility was suggested by Winograd and Friedman in their 
1972 paper based on deuterium signatures in the Paleozoic aquifer and recharge areas.
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The lower activity ratio (AR) of the southem Death Valley discharge field is harder to 
discount. Examination of the individual datapoints for Texas and Travertine springs 
suggest that there may be some seasonal variation in the southem Death Valley field.
For example AR and uranium concentration seem to co-vary in these springs with 
highest individual AR associated with the lowest uranium concentrations. It is not clear 
what this means, however, a more rigorous sampling schedule using larger sample sizes 
to reduce uncertainty could help determine if the differences described in this report are 
real and of approximately the correct magnitude, or due to chance variations in a 
complex hydrological system.
A simpler two component mixing model has been suggested to account for the 
difference in isotopic signatures that exists between the Ash Meadows and southem 
Death Valley springs (personal communication, R. Metcalf) The proposed model would 
entail the mixing of an intermediate “Ash Meadows” ground water component with 
northem Death Valley water (Grapevine Springs).
The intermediate Ash Meadows component could arise by imperfect mixing, at depth, 
between the major ground water inputs to the Ash Meadows system described in this 
report and by other researchers. Graphically this can be seen on Figure 22 by drawing a 
line fi’om the NDV component through the southem Death Valley spring field (Texas 
and Travertine springs) until it intersects the “main carbonate” mixing line between the 
Hiko-Pahrangat (HP) and Spring Mountain (SM) ground water fields.
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5.5 COMPARISON OF HISTORICAL DATA
Four additional sources of uranium-series data for the waters in this region were 
identified; Cowart (1980), Holloway (1989), Thomas (1991); and, Mizell and Hershey 
(1994). Table 19 list the uranium results for the locations that the various researchers 
had in common. In general each of the data sources are quite comparable, particularly 
considering the length of time between the earliest results (Cowart, 1980) and the 
current study. The similarity of results is even more remarkable considering probable 
dififerences in analytical procedures, sampling methods, and the possibility of 
geochemical changes occurring in the regional aquifer over time.
In particular, results for many of the key regional springs appear to have remained 
constant over at least the last fifteen years. Further, the geochemical relationship 
between the major recharge and discharge zones seems to be stable. For example, 
results for the regional springs at Ash Meadows and Fumace Creek were consistent 
among all the researchers. This is particularly tme for the averaged values used in this 
study and those published by Cowart in 1980 (columns A and B, Table 19).
Using ion exchange methods and alpha spectroscopy, determinations of dissolved 
uranium in the waters of this region are probably reproducible at concentrations greater 
than 0.5 ppb ( -  0.4 dpm/sample). Given that the average uranium concentration of 
waters in the regional flow system is about -  3 ppb (Figure 14), this would encompass all 
but the most dilute recharge waters, and perhaps, samples fi’om wells tapping hard-rock 
volcanic aquifers. Analysis of these waters, once identified, would require the collection 
and analysis o f larger samples (5 - 20 liters). Recently developed mass spectroscopic 
techniques may allow even more accurate, and faster, measurements of dissolved 
uranium on samples as small as ~ 100 ml (Ludwig, 1994 unpublished).
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1996 
U-238 loot)) AR
COW ART 
1980 
U-238 iDob) AR
HERSHEY AND MIZELL 
1994 
U -238 iDob) AR
HOLLOWAY 
1989  
U-238 (DDb) AR
THOMAS
1991
U -238 (DDb) AR
A»h Spring HP 2.44 2.61 2 .48 3.21 2.S7
Big S prings AM 2.45 2.82 2 .4 9 2 .87
Blue Point Sp rings LV - - 2 .7 4 3 .0 9 - 3 .0 7
Crystal Pool AM 2.55 2 .66 2 .67 2.69 2 .9 2 .6
Crystal Spring HP 4.08 3.17 3 .8 3.3 3 .56 3.08 4 .1 9 3 .46
Devils Hole AM _ 3 .0 5 2.85 2 .5 8 2 .65
F alrt» n k s Spring AM 2.45 2.61 2 .38 2 .6 2 .3 2 .66
G rapevine Springs DV 3.56 1.71 1.8 1.8
Hiko Spring HP 4.99 3 .04 4 .4 8 3.12 5.11 3.16
Indian S p rings # 2 AM - - 1.6 5 .5 6
Indian S p rings (AFB) AM 2.78 5 .78 2.5 6.1
King Spring (Pool) AM 3.19 2 .48 2.82 2.75
Lake M ead LV 5.8 1.51 4 .0 8 1.85
Muddy Springs LV 3.78 3 .14 4 3 .27
N evares Spring OV 1.14 2.13 1.2 2.21 1.17 2 .07
R ogers Spring LV 3.69 3 .08 2 .9 4.0 2 .9 0 3 .1 7
R ogers Spring AM 2.89 2.67
S aratoga Springs DV 14.33 1.72 14.35 1.72
Scottys C a stle DV 7.32 2.15 7 .5 9 1.95
Texas Spring DV 2.9 2.44 2 .74 2 .55 3 .3 6 2.46
Travertine Spring DV 2.94 2.42 2 .9 6 2.46 3 .3 9 2.51
Warm Springs . - - 0 .2 5 2 .0 6
Willow Springs SM 0.15 1.82 2.3 1.8
KEY TO  AREA DESIGNATIONS:
H P = Hiko - Pahranagal
AM = A sh M eadows
LV = L as V egas /  Lake M ead
DV = D eath Valley
SM = Spring M ountains
Table 19. Comparison of historical data. Uratmm results are listed from four 
sources published between 1980 and 1994 and the current study.
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5.6 CLASSIFICATION OF GROUND WATER IN THE STUDY AREA
There are three major lithological divisions in the study area; carbonate rocks of 
Paleozoic age (Pzc), volcanic rocks from primarily the Tertiary period of the Cenozoic 
era (Tv), and consolidated and unconsolidated sedimentary deposits from the most 
recent period of the Cenozoic, the Quaternary (Qa). Carbonate (Pzc) and volcanic rocks 
(Tv) are deposited above ancient basement rocks, forming the complex basin and range 
topography of this region. Quaternary alluvium, or valley-fiU sediments, have been 
eroded from the surrounding ranges and consist debris of either volcanic or carbonate 
origin. Ground water flowing through either carbonate (Pzc), volcanic (Tv), or alluvial 
units (Qa) in the study area may result in waters with identifiable geochemical 
characteristics. In addition to these major dissolved chemical constituents, uranium 
“signatures” in these waters can be correlated with the major rock types.
Figure 24 is a plot which compares the uranium “signature” of the waters analyzed in 
this study with the lithological, or hydrostratigraphic, units. The “ *U concentration is 
plotted against “excess” to show the interplay of weathering rates and the selective 
mobilization of by processes associated with “alpha recoil”. At one extreme is the 
rapid weathering of easily dissolved minerals. This is shown by the horizontal arrow at 
the bottom of the diagram and waters of this type are characterized by AR’s near unity 
and relatively high uranium concentrations, representing bulk dissolution of the aquifer 
material (^ U  and “ *U). An example of this type of water has recently been reported for 
a spring on the southem rim of the Grand Canyon (Horn Spring; -  48 ppb / AR = 0.94) 
(unpublished thesis, J. Fitzgerald, 1996).
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The vertical arrow in Figure 24 represents the evolution of water in contact with 
uranium containing minerals or rock types that are extremely resistant to weathering. As 
discussed previously, the “alpha recoil” rate at the mineral grain surface is independent of 
weathering processes and depends solely on the decay rate of “ *U. This was shown 
experimentally by leaching experiments with zircon crystals in which a steady build-up of 
alpha decay product occurred in the liquid phase while uranium concentrations 
(^*U) remained extremely low throughout the experiment (Kigoshi, 1971).
The waters in the study area fall between the extremes of the “leaching” and “alpha 
recoil” processes. Although the extensive mixing of waters in the regional system tends 
to blur the distinction between groups, a tentative classification of ground water types 
can be made. The typical range of uranium concentrations and activity ratios (AR) given 
for each class of waters represents the best estimate of the author using the data 
collected in this study. In the absence of geophysical or other information it may be 
useful as a rough guide to the underlying aquifer source-rock.
Ground Water Types
Type I) Recharge waters, low AR, low U, (0 -2 ppb / AR < 2.0): Water fi'om the Spring 
Mountains (Willow, McFarland, and Cold Creek Springs) are the best examples of 
recharge waters in the study area. Well UE-16F also appears to be very young water 
based on both low uranium content and the presence of detectable tritium (USEPA 
1992).
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Type H) Alluvial aquifers, low AR, moderate U, (2 - 8 ppb / AR < 2.5); Wells SB and 
SC on the NTS are examples o f alluvial aquifers. Generally ground waters of this type 
have moderate to high uranium concentrations because matrix flow in poorly-sorted 
sediments favors relatively rapid leaching.
Type in )  Carbonate waters, moderate AR, moderate U (2.S - S ppb / AR 3 - 6): The 
majority of the waters in the study area fall into this category, including virtual all the 
regional springs in the two major discharge zones (Ash Meadows and southem Death 
Valley). AR’s greater than 3.S in carbonate-type waters are associated with areas in the 
regional aquifer where ground water is either stagnant or flows very slowly.
Type IV) Volcanic aquifers, high AR, low U (< 3 ppb / AR > 4): Several waters in the 
study area exhibit unusually high AR’s and very low uranium concentrations. These are 
without exception volcanic waters, and include Wells J-12 and J-13, UE-17A UE-16D, 
on the NTS, and Woodcamp and Cind-R-Lite springs in the volcanic-rock domain west 
of the NTS.
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COORELATION OF "URANIUM SIGNATURES "WITH UTHOLOGY
QUATERNARY ALLUVIUMPALEOZOIC CARBONATES
TERTIARY VOLCANICS
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ZIRCON CRYSTALS 
"ALPHA RECOIL" > 
LEACHING RATE
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■  X /
■  Q
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108TYPE I 6420
URANIUM CONCENTRATION (ppb)
Figure 23. Correlation of uranium signatures and lithology in the study area. The
four major categories i(kntified in the diagram are: I) recharge waters; II) alluvial 
waters: III) carbonate waters; IV) volcanic waters.
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5.7 CONCLUSIONS
Comparisons to earlier work shows a remarkable constancy in both absolute uranium 
values and the mixing proportions of principal ground water fields. This tends to 
support the concept, that over a time scale of decades, uranium signatures are a 
fundamental geochemical characteristic of the regional aquifer. Investigations of 
uranium isotope ratios in the calcite deposits of this region, most notably fi'om Devil’s 
Hole Cavern, suggest that dissolved uranium signatures in the regional system may be 
stable over much longer time periods, of thousands or perhaps even hundreds of 
thousands of years, and that variations may correlate with major changes in climate 
(Ludwig and others, 1994, unpublished).
Spring flow in the Ash Meadows fault-zone was described using a binary mixing 
model after Winograd (1972) and Osmond and Cowart (1976, 1982). End members are 
represented by the Spring Mountain recharge zone and the Hiko-Pahranagat spring field. 
Refinements in the model were made to incorporate an evaporation line for secondary 
springs located downgradient of the main spring line at Ash Meadows. This primarily 
affected the low-flow springs of Tubbs, Bradford, and Cold springs, however, the 
uranium signatures of some of the larger springs may also be altered by evaporation.
The net result of correcting for the effect of évapotranspiration or “recycled” water 
was a slight reduction in the calculated proportion of the ground water component 
underflowing the southeast comer of the NTS fi’om the Hiko-Pahrangat region. Three 
related methods were used to calculate mixing proportions at this important discharge 
area. Calculations based on activity ratios gave the most plausible results (Table 16). 
Using activity ratios, the magnitude of the NTS underflow component fi'om the Hiko-
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Pahranagat region to the northeast was calculated to be about 31 percent. This is 
comparable to the 35:65 mixing proportions estimated by both Osmond and Cowart 
(1982) and Winograd (1972).
Isotopic evidence o f significant vertical mixing of waters fi'om alluvial and volcanic 
aquifers on the NTS was not detected in the springs at Ash Meadows. This is also 
consistent with earlier findings that the hydrological connection of the southern portion 
of the NTS to the Ash Meadows system is limited by the distribution of impermeable 
units and the modest amounts of water moving through upgradient areas on the NTS 
(Winograd and Thordarson, 1975).
In view of this, the likelihood for the migration of significant quantities of man-made 
radionuclides off the NTS into the Ash Meadow discharge zone appears to be minimal. 
However, because the NTS lies directly upgradient (north) of the major spring discharge 
field at Ash Meadows, every effort should be made to sample new weUs as they are 
developed. Well SM23-1, near Mercury, Nevada, is an example of the type of well that 
may provide new Information about the movement of ground water beneath the NTS in 
the lower carbonate aquifer.
The underflow component in southern Death Valley was also modeled in this study. 
Water discharging in southern Death Valley is believed to flow through intercormected 
carbonate rock underlying the Ash Meadows region and issue from regional springs on 
the western edge of the Funeral range. Because of this connection, ground water in the 
southern Death Valley-Fumace Creek discharge zone is geochemically similar to the Ash 
Meadows water. However, the similarity of the two water-types is not perfect and 
some unknown amount of the water in southern Death Valley may be derived
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from areas outside of the immediate catchment. Based on several assumptions, flow in 
southern Death Valley was estimated to be composed of two or perhaps three 
components, with the largest finction(s) coming from Ash Meadows ( ~ 80 percent) and 
the remainder, or about 20 percent, derived from areas to the north, or northeast.
Figure 23 is a schematic summarizing the hydrological relationships investigated or 
reconfirmed in this thesis.
KEY
HS = HIKO SPRING 
CS = CRYSTAL SPRING 
AS = ASH SPRING 
GS -  GRAPEVINE SPRING 
SS -  SALT/McLEAN SPRING 
CC = COLD CREEK SPRINGS
YF = YUCCA FLATS 
FF = FRENCHMANS FLAT 
JF = JACKASS FLATS H iko-Pahranagat
R egion HS
NEVADA
T E S T
SITE
N. Death Valley
Central Amargosa 
Desert
\
AS
K
a
S. Death Valley-Fumace Creek 
Discharge Zone
Spring 
Mountains ;
Figure 24. Conceptual diagram of ground water mixing proportions at Ash 
Meadows and southern Death Valley. The movement o f ground water towards the 
two major discharge zones in the study area is shown. Relative mixing proportions are 
estimated from data collected in this study and discharge rates are ~ 17,000 acre- 
feet/year and ~ 4,000 acre-feet/year, respectively.
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Finally, a preliminary classification of ground waters was developed fi'om the data. 
Uranium results were divided into categories, paralleling the primary water bearing units 
in this region, eg: carbonate, volcanic, and alluvial or basin-fiU aquifers.
The highest concentrations of uranium are found in ground waters that are in conact 
with alluvial sediments and these waters generally have activity ratios near two. Waters 
in contact with carbonate rocks have activity ratios near three and moderate uranium 
concentrations. Recharge waters have both low concentrations and low activity ratios.
In addition, several waters had the unusual combination of very high activity ratios 
( > 5) and low concentrations. These unusual uranium signature may be a result of 
fracture-flow through welded volcanic tuffs that are relatively resistant to weathering. 
Numerical categories developed in this report for interpreting uranium data may be 
useful as first approximation of aquifer lithology in the absence of more direct 
information or geophysical measurements.
Future Research
Collection and analysis of uranium data could potentially be used to investigate 
several other aspects of the regional ground water system. One promising area would be 
an assessment of evaporation trends in the Oasis Valley sub-basin. Previous researchers 
have estimated the evaporation loses in this region may be as high as 80 percent of the 
total ground water flux (White, 1979). Even though the annual ground water flux in 
this area considerably smaller than at Ash Meadows, its connection to recharge areas in 
volcanic-rock fields north of the NTS make it a hydrologically important area.
It may be necessary to supplement the sampling of natural springs and seeps with 
shallow borehole sampling to adequately characterize evaporation trends. Samples of this
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type might be obtained from the relic drainage channel of the Amargosa River.
In the course o f this investigation it was noted that several high-flow springs (Ash, 
Nevares, Warm) had significantly lower uranium concentrations than would be expected 
from their hydrological setting (Table 17). These springs also tended to have higher 
discharge temperatures and lower activity ratios (AR’s). Deriving a mathematical model 
for this inverse relationship could potentially be used to describe the depth of circulation, 
or area of convective flow to these springs. Of particularly interest would be the time 
required for thermal re-equilibration, if this is tiie mechanism of isotopic alteration.
Finally, isotope signatures in important recharge areas, like the Spring Mountains, 
should be refined. Inherently lower concentrations of trace elements found in evolving 
waters and the possibility of seasonal variability introduce uncertainty into the current 
measurements. Systematic sampling of the important springs throughout the year would 
allow a better description of the hydrological regime associated with these dilute waters 
and potentially improve the accuracy of the derived mixing regimes.
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APPENDIX 1.
Sampling Locations and Uranium Results
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1) Alphabetical listing by location - average or individual result shaded.
2) EPA offsite locations listed separately at the end of this Appendix.
3) Results marked with asterisk (*) have > 10% one sigm a error term (U-23%,
URANIUM SIGNATURE COUNTING DATA 
(Untts; pCUL) U 238
illection
Date
Logbook
No. Locallon
U-238
(ppb)
"Excess"
U-234
Acilvity
Rallo U-238 238 Error U-234 234 Error Count Dale
Error In % 
(1 Sigma)
940715 189 ) Army Well 1 2.36 4.81 3.04 0.85 0.09 2.57 0.21 950731 ( 5.2 W )
931020 3 6 )  Army W e ill 2.49 4.53 2.82 0.89 0.11 2.52 0.22 950212 ( 5 .9 % )
940623 68 ) Army W e ill 2.25 4.66 3.07 0.81 0.12 2.48 0.26 950606 ( 7 .2 % )
940623 72 ) Army W e ill 2.15 4.90 3.27 0.77 0.11 2.53 0.24 950612 ( 6 .9 % )
930520 44 ) Army Well 1 2,55 4.48 2.75 0.92 0.11 2.52 0.23 950227 ( 6 .0 % )
Army W e ill  Avg: Z 36 4.67 Z 98 0.85 0.11 2.52 0.23 ( 6 2 % )
940916 167 (A rm yW ell6A 0.29 0.23 1.78 0.10 0.03 0.18 0.05 950707 ( 16.6 % ) •
940425 14 ) Ash Springs 2.79 4.17 2.49 1.00 0.12 2.50 0.24 950111 ( 6.1 % )
940815 141 ) Ash Springs (a) - Aug 2.48 3.49 2.41 0.89 0.08 2.14 0.16 950702 ( 4.8 % )
940915 142 ) Ash Springs (b) - Sep 2.69 3.42 2.27 0.96 0.09 2.19 0.18 950702 ( 4 . 8 % )
941015 143 ) Ash Springs (c) • Oct 2.74 3.93 2.43 0.98 0.09 2.39 0.18 950702 ( 4 . 6 % )
941115 144 ) Ash Springs (d) - Nov 2.72 4.06 2.50 0.97 0.09 2.43 0.19 950702 ( 4 . 9 % )
941215 148 ) Ash Springs (e) - Dec-Upper 2.50 3.81 2.53 0.90 0.08 2.26 0.17 950703 ( 4 . 5 % )
950115 ISO ) Ash Springs (1) • Jan 2.68 4.13 2.54 0.96 0.09 2.44 0.18 950703 ( 4 . 8 % )
95021S 151 ) Ash Springs (g) - Feb 2.85 3.70 2.30 1.02 0.10 2.35 0,19 950704 ( 4.7 % )
950315 152 ) Ash Springs (h) - Mar 2.51 3.62 2.44 0.90 0.09 2.20 0.18 950704 ( 4.9 % )
950415 153 ) Ash Springs (1) - Apr 2.54 3.90 2.54 0.91 0.09 2.31 0.18 950704 ( 4 . 9 % )
950515 154 ) Ash Springs Q) - May-Upper 2.60 3.70 2.42 0.93 0.09 2.26 0.17 950704 ( 4 . 7 % )
A sh S p rings Avg: Z65 3.81 Z 44 0.95 0.09 2.32 0.18 ( 4 . 9 % )
941215 149 ) Ash Springs (e*) - Dec-Lower 3.06 4.71 2,54 1.10 0.09 2.79 0.20 950703 ( 4 . 3 % )
950515 155 ) Ash Springs (I) - May-Lower 3.17 4.60 2.45 1.14 0.10 2.79 0.20 950704 ( 4.4 % )
Ash S p rings (Lower) Avg; 3.12 4.65 Z 49 1.12 0.10 2.79 0.20 ( 4.4 % )
941015 66 ) B eck 's Spring 7.69 6.85 1.76 2.76 0.23 4.86 0.36 950604 ( 4.1 % )
930525 6 ) Big Spring 2,62 4.48 2.71 0.94 0.14 2,55 0.27 950110 ( 7 , 5 % )
941129 74 ) Big Spring 2.40 4.39 2.83 0.86 0.11 2.44 0.22 950612 ( 6 . 3 % )
931004 52 ) Big Spring 2.41 4.63 2.92 0.87 0.12 2.53 0.24 950603 ( 6 , 7 % )
940331 73 ) Big Spring 2.35 4.27 2.82 0.84 0.12 2.38 0.25 950612 ( 7 . 2 % )
Big Spring  Avg; Z46 4.44 Z 82 0.88 0.12 2.47 0.2S ( 6 . 9 % ) N)
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Date
LogtooK
No. Location
U-238
(ppb)
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U-234
ActMty
Ratio U-238
(Units: pCIiL)
238 Error U-234 234 Error Count Date
U-238 
Enor In % 
11 Sigma)
941129 76 ) Bradford Sprtng 623 998 2 6 0 223 020 5.81 0.44 950612 ( 4.5 % )
940704 75 ) Bradford Spdng 608 1036 2.70 218 021 5 90 046 950612 ( 4.7 %)
940407 58 ) Bradford Sprtng 658 10.36 2.57 238 0.21 6.07 045 950604 ( 4.4 % )
9 BnKHord Sprtng Avg; 8,30 10.23 2.83 2.26 0.21 5.93 0.45 ( 4.8 %)
940412 132 ) Brter Spring (Upper) 233 763 428 083 0.11 3.57 031 950624 ( 6.3 % )
930729 29 ) Brier Spring (Upper) 1.87 555 397 067 008 2.66 0.21 950115 ( 6.2 % )
940412 59 ) Brter Spring (Upper) 230 6.95 4.02 0.82 0.10 3.32 0.27 950604 ( 5.9 % )
8 Brier Spring (Upper) Avg: 2.18 8.71 4.10 0.78 0.10 3.18 0.28 ( 6 2  X )
7 941208 110 ) Cane Spring 1.93 4.47 3.31 069 008 2.30 0.19 950706 ( 6.0 % )
8 940619 15 ) Chubb Spring 15.05 5.80 1.39 5.40 0.40 7.48 0.54 950111 ( 3 7 % )
940523 64 I Clnd R llte 2 56 986 4 85 092 010 4.46 0 33 950605 ( 5 5 % )
940523 77 jcind-R-Ute 2.62 10 35 495 094 0.11 4.65 0 35 950612 ( 5.6 % )
9 Clnd-R-LKe Avg; 2.59 10.10 4.90 0.93 0.10 4.55 0.34 ( 5 5 % )
10 040919 63 )Cofler't Windmill 5.37 20.63 4.84 1.93 0.18 9.32 0.67 950605 ( 47  % )
940623 78 IColTet'sVVell 004 004 204 001 001 00 3 001 950613 (299 % ) •
940623 67 ) Coffer's Well 008 0.02 1.27 003 002 0.04 002 950606 (33 0 % )•
11 Coffers Well Avg; 0.08 0.03 1.54 0.02 0.01 0.03 0.02 (31.9 % )
950608 139 ) Cold Creek Sprtng 1.42 1.65 2.18 051 006 1.10 010 950702 ( 8.0 % )
950316 136 ) Cold Creek Sprtng 1 50 2.34 2.56 054 0.08 1.38 0.14 950624 ( 7.3 % )
12 Com Creek Spring Avg; 1.46 1.99 2.37 0.52 0.07 1.24 0.12 ( 6.6 % )
941128 79 ) Cold Spring 898 1032 248 2 50 022 62 0 046 950613 ( 4 4 % )
930526 13 ) Cold Spring 7.17 10 85 251 2 57 028 64 6 0.55 950110 ( 5 4  %)
13 Cold Spring Avg; 7.07 10.59 2.50 2.54 0,25 6 3 3 0.51 ( 4 9  %)
14 930727 28 )Cottonbell Marsh 83 0.37 0.26 1.70 013 004 0.23 0.05 950115 (14.2 % )■
930727 24 ) Cottonball Marsh S8 201 2 72 2 35 0 72 0.12 1,70 0.21 950115 ( 6 4 % )
931008 39 ) Cottonball Marsh 86 274 380 239 098 0.15 2.35 0.26 950226 ( 7.4 % )
15 Cottonball Marsh 88 Avg; 2.37 3.26 2.37 0.85 013 2.02 0.23 ( 7 8 % )
940407 60 ) Crystal Pool 2.60 404 255 093 0.12 2.38 0.24 950605 ( 6.5 % )
940407 60 ) Crystal Pool 2.39 470 297 0.86 0.12 2.54 0.24 950613 ( 6 9  % )
931006 47 ) Crystal Pool 264 435 2 6 5 095 012 2.51 022 950227 ( 6 1 % )
941201 81 ) Crystal Pool 2.59 3.91 251 093 012 2.33 0.23 950613 ( 6,4 % )
16 Crystal Pool Avg; 2.55 4.25 2.66 0.92 0.12 2.44 0.23 I 6 5  % )
940425 18 ) Cryslal Sprtng 371 891 3.40 1 33 014 4.53 036 950114 ( 5 3 % )
940815 146 ) Cryslal Sprtng 430 862 3 0 0 1.54 014 4.63 035 950703 ( 4 5 % )
941215 147 ) Cryslal Springs 4.24 901 313 1.52 0.14 4.75 037 950703 ( 47  % )
17 Crystal Springs Avg; 4.08 8.85 3.17 1.46 0.14 4.64 0.36 ( 4.8 % ) N>N)
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18 9*0*08 137 ) D eer Creek Spring *1 0.31 0.34 2.10 0.11 0.02 0.23 0.04 950701 (11 .2  % )*
940331 82 ) Fairbanks Spring 2.39 3.94 2.65 0.86 0.11 2.27 0.21 950613 ( * 2 % )
941128 83 ) Fairbanks Spring 2.50 3.94 2.57 0.90 0.11 2,31 0.20 950613 ( 5 . 9 % )
19 Fairbanks Spring Avg; 2.46 3.94 Z61 0.88 0.11 2.29 0.21 ( 6 0 % )
20 930526 9 ) F o re s t S p rings 4.08 8.90 2M 1.46 0.19 3.58 0.35 950110 ( 6.5 % )
940317 130 ) Grapevine Spring (Lower) 3.66 2.54 1.69 1.31 0.14 2.23 0.14 950623 ( 5 . 2 % )
931116 34 ) Grapevine Spring (Lower) 3.84 2.18 1.57 1.38 0.14 2.16 0.19 950212 ( 4 . 9 % )
930727 23 ) Grapevine Spring (Lower) 3.89 2.72 1.70 1.39 0.15 2.37 0.22 950114 ( 5.3 % )
941102 84 ) Grapevine Spring (Lower) 3.48 2,74 1.79 1.25 0.13 2.23 0.19 950625 ( 5,1 % )
21 G rapevine Spring (L.) Avg; 3.72 ZSS 1.69 1.33 0.14 2.25 0.18 ( 5.1 % )
940317 131 ) Grapevine Spring (Middle) 3.85 2.74 1.71 1.38 0.13 2.36 0.20 950624 ( 4 8 % )
941102 85 ) Grapevine Spring (Middle) 3.73 2.58 1.69 1.34 0.14 2.28 0.20 950625 ( 5 . 2 % )
931116 43 ) Grapevine Spring (Middle) 3.36 2.70 1.81 1.20 0.14 2.17 2.09 950226 ( 5 . 7 % )
22 G rapevine Spring (M.) Avg; 3.66 Z 67 1.73 1.31 0.14 2.27 0.83 ( 5 , 2 % )
940317 127 ) Grapevine Spring (Upper) 3.15 2.38 1.76 1.13 0.12 1.98 0.17 950623 ( 5.2 % )
931116 49 ) Grapevine Spring (Upper) 3.37 2.02 1.60 1.21 0.15 1.93 0.21 950603 ( 6 . 4 % )
941102 86 ) Grapevine Spring (Upper) 3.37 2.57 1.76 1.21 0.12 2.13 0.18 950625 ( 4 . 9 % )
23 G rapevine Spring (U.) Avg: 3.30 2.33 1,71 1.18 0.13 2.02 0.19 ( 5 . 5 % )
24 940*16 17 ) H ardrock Q ueen Spring Z93 8.46 3.69 1.05 0.12 4.08 0.32 950114 ( 5.5 % )
25 940425 19 ) Hike S prings 4.99 10.17 3.04 1.79 0.16 5.44 0.39 950114 ( 4.5 % )
940523 71 ) Jackass Aero Park Well 0.56 1.10 2.97 0.20 0.04 0.60 0.08 950606 ( 10.6 % ) *
940523 65 ) Jackass Aero Park Well 0.56 1.01 2.81 0.20 0.05 0.56 0.08 950605 ( 11.6 % )*
26 Ja c k a s s  Aero Park Well Avg; 0.56 1.06 Z89 0.20 0.04 0.58 0.08 ( 11.1 % )
940324 88 ) Jackrabbit Spring 3.42 5.67 2.66 1.23 0.13 3.26 0.27 950625 ( 5.5 % )
941130 87 ) Jackrabbli Spring 3.90 5.92 2.52 1.40 0.15 3.52 0.03 950625 ( 5 3 % )
950525 10 ) Jackrabbli Spring 3.56 5.71 2.60 1.28 0.19 3.32 0.36 950110 ( 7 . 3 % )
27 Jackrabb it Spring Avg: 3.63 6.7* 2.69 1.30 0.16 3.37 0.22 ( 6 . 0 % )
28 930526 8  1 K ing 's Pool 3.19 4.72 2X8 1.14 0.17 2.84 0.30 950110 ( 7 . 3 % )
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Seq Collection LogtMOk U-238 "Excess" Activity
0 Dale No. Location (ppb) U-234 Ratio
29 *40523 88 ) Lattirop Wells Rest Stop 2.12 3.4» 2.85
931006 35 ) Longstreet Spring 298 4.58 254
941128 91 ) Longslreet Spring 314 493 2 57
940329 90 ) Longstreet Spring 3 03 489 261
30 longstreet Spring Avg: 3.05 4.80 2.57
COUNTING DATA
(Units: pCUL) U-238
Enor In %
U-238 238 Error U-234 234 Error Count Dale 11 Sigma)
0.76 0,10 2.01 0.19 950606 ( 8.4 %)
1.07 0.17 271 031 950212 ( 8.1 %)
1 13 013 2.89 02 5 950626 ( 5 8 % )
1 09 012 2.84 0.24 950626 ( 5 4 X )
1.09 0.14 2.82 0.27 ( 8.4 % )
31 950S0S 138 )aicFartand Spring 1.83 1.82 2.04 06 6 007 1.35 0.11 950701 ( 5 2 % )
930726 30 ) Mesquite Spring 551 6 14 2.11 1 98 02 0 4.18 035 950211 ( S I X )
931115 37 ) Mesquite Spring 571 5 82 202 205 0.20 4.14 0.34 950212 ( 4.9 X )
940317 133 ) Mesquite Spring 580 657 2 13 208 018 4.44 033 950624 ( 4 3  X )
941101 92 ) Mesquite Spring 557 512 1 92 200 0 16 3.83 0.26 950626 ( 3 9 X )
32 Mesquite Spring Avg: 5.83 5.81 2.05 2.03 0.18 4.15 0.32 ( 4.6 X 1
33 931115 92 ) Muddy Springs #1 3.78 8.09 314 1.35 0.14 4.26 0.33 940210 ( 51 X )
931117 54 ) Nevares Spring 1 29 094 173 0.46 00 9 080 001 950604 ( 9 6 X )
941103 93 ) Nevares Spring 1.14 158 239 041 0.07 097 0.12 950626 ( 8.7 X )
930722 27 ) Nevares Spring 1 01 1.36 2 35 0 3 6 0 06 085 0.11 950115 ( 9 0 X )
34 Nevsres Spring Avg: 1.14 1.2» 2.13 0.41 007 Ob/ 0.08 ( 9.1 %)
931004 55 )Pt. of Rocks (NE) 307 484 2.58 1.10 013 2.84 026 950604 ( 5.9
941130 97 )Pt ol Rocks (NE) 299 514 272 1.07 012 291 025 950701 ( 5.7
940324 94 )Pt ol Rocks (NE) 2.90 494 2.70 1 04 012 2.81 0.24 950626 ( 5.8
35 P t of Rocks (NE) Avg; 2.9* 4.97 2.87 1.07 0.12 2.85 0.25 ( 5.8
940324 95 ) Pt or Rocks (NW) 3.03 4 91 2 62 1.09 012 284 0.24 950626 ( 5 6
941130 96 )Pt ol Rocks (NW) 3 15 4.99 258 1 13 012 2.92 023 950701 ( 5 1
36 P t of Rocks (NW) Avg; 3.09 4.95 Z60 1.11 0.12 2.88 0.24 ( 5.3
37 94091» 70 ) Ranch Springs (CofTSr's) 14.»3 22.58 2.51 5,35 0.40 13.44 0.91 950606 ( 3.7
941128 99 ) Roger's Spring (Ash Meadows fault 2 94 4.60 2 57 1 05 0.11 2.70 022 950701 ( 52
931006 40 ) Roger's Spring 2.72 547 301 0.98 013 294 0 2 8 950226 ( 6 8
940329 98 1 Roger's Spring 300 435 245 1 08 012 264 0 2 3 950701 ( 57
38 Roger's Spring Avg; 2.8» 4.81 2.67 1.04 0.12 2.76 0,24 ( 5 9
39 941115 98 ) Roger's Spring (White R. drainage) 369 7.67 3.08 1.32 0.14 4.07 0.32 940209 ( 51
40 *40623 6» ) Saga Well, VH-2 5.74 11.02 2.92 2.06 0.21 6.01 0.49 950606 ( 5.0
41 *30722 25 ) Salt McLaan Spring 5.68 2.83 1.50 2.04 0.19 305 0.26 950115 ( 4 8 N)
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***** ** ***** ***** *
10 0 (0 *-*- coco 10(0 ^ 0 0  tO CO lO o> co ^lorviococo’ <or*̂ Kiocbcoeb loiototoib <d
5 § a : 5
2#22 2 l i S  i l
: 8 = 8 iiii 5g 85=a 85=1
58KE$ =8383 8883 3 3 3 8 #
o o o 'o o  d o o o o  d d d d  d d d o ’o'
88888 38 88883 83388 3
o' O d  d  d  d  d  d  d  d  d  d  d  d  d  d  d  d
S ?  
i  %
i i I
88828 838E3 %8R
d d d d e b  to«d<oib«o c x c ir ic x  d d m d d
8S33? 83888 3=S2 38888
d d  d  d  d  d  d  d  d  d  d d d d  d o d d d
5  S  8  9  3  "G 3  (^ s  5  V îo îo ?  S  5  S  S
cxcxocNcx d  d  (xNexcxcx exoicxrici d
ex V (X m m ex ^  v  ex to ex en en ex ex <n ex epV» V» ^  ^  OO *— V» V— V— V- V- e— ^  M
O O d  d d  d  d  d  d  d  d  d  d  d  d  d  d  d
3338Z S55S8 8 8 8 $
RTioioihio* ex (X (X (X (sf *- o  o  o  ex en ex e*i eo
58883 #8 83838 38822 2
^  ^  ^  ^  V- d  d  d  ^  ^  ^  V- ^  ex
i
1
|i
II
C8 8 SC ocDcn^u» *- o  ex ♦  g  lo en ^  ̂^  V- (X V- V V ^  ^  % s  *- V- o  ̂
ex ex ex ex ex ex ex m ex ex ex ex e*
g tnex^  ̂ «(Odd 0) h": en v  d  p
o> O) d  *- o  to d  <o d #  V en en d  o o c o d o i
#8828.
23S5?
5 S  S ex ^
ex ex ex ri CD eo r-  A 0
#3383 38 33=83 8388# 3
ex (X ex ex ex riW ex ex ex ex ex ex ex ex ex ri ex
en V *- co p» o  m en v  O) x̂  6) eo A to r% m
V V V eh w d e  eh V V eh e  eh v  v  eh ^  e
$ e 8 $ S  3 $  8 m 8 $ %  # 8 $ 2 B  S
ex ex ex ex fx o d  ex ex eh ex r< eh eh ex eh m «
t t t l |mm mm*
l l l f î
If
3381
3333%
> s  % d  e
3 3 0 8
i t t | .WWW*
III!
fol 8888 8888 5
mmm
I I I
II
II CO W CO WK H- H- F- W
<<<<7
iiiii s ei l i ? I
 lo 9 3 8 8 3 = 3 8 3 iî 8 8 8 # 88  = 3
ill iiii s | = =3 A 3 S II S 8 8 2I i i i = 8 8 2  i l l s 1
S 3
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
1 2 6
3  lu C
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * *
CD N  (O r*; tf> ^  n  rx Ch p*; A. p  p  (O co O) rx Ch r<» (p  O  O) CD. ip  CD (p cq <0. eq CD r»; 
m d  v v c D P ^ d v V c h c D c h ^ i A c h c h C D C D ^ a d m c D i D ^ c D v c o v c D O P ^X» ^ ^ x » ^ i / > n < x
a s j p f  f  f
CO r q < »  i n  CM C -
" 8
CM «  » < n
o  çy ex I
SS
5:8 8t?BT!pSS8îa; îXS88îS?!?8RSÎS2?5R?igS& ? ?  «SS 8
ex ID O O O O C h O O O O O O O O O O O O O O O O O O O O O O O O O O  O O  o o o  ^
d
%.
g
i
i i
8 8
8  = 8 8 . S 8 S S ; : 8 S . S 8 8 5 8 ? S S & 8 î = o 2 S 8 S S g S E  S S.
v c x o o v h » m v o # D e x v * m c o o o o o x » o c D V O ^ c D o v v o o X* o  ex ex ex o>
S B  ?  = g 8 8 5 : S 5 8 5 : ! = 8 5 . 5 8 S S 8 5 5 B g 5 S 2 5 5 ! S 5 S S  S S  S S .S  P
OCX O O O O O O Q O O O O O O O O O O O O O O O O O O O O O O O O  O O  o o o  o
SR R t S S R S S 8 S ? 8 8 R8 ? 8 n?iSS8 S g S 8 gBSSB« SS
V  ^  « ^ ^ 0 0 ^ ^ x » { x 0 c x e x 0 c x c x 0 0 0 0 0 0 c x 0 0 0 x > 0 x » 0 0 0 0  O O
III I
I
%
I
u
| s
u  3 5 ! 5 H 5 $ ! 5 5 5 5 2 ! 5 S ! ! g S 5 3 5 ! 5 5 3 g 5 S S  ! S  m  B
g s  S S 8 S 5 :S S ; :5 B # 3 8 R S 8 S S « S 8 # g S g 3 5 g : :8 S  g 8  2 8 5  g
SS h ^ c I d e d d V c o x ^ p ^ N c f d o B C î e î x ^ r l d d c i i d d c l i d d c D x ^ e d d  cd' co’ cd*
S s 5 2 5 5 5 5 5 * S a i 2 2 5 i i l 5 i S i s ^ l s S i ^ i 12 s a s
8
8
E i
fi
îl
5 §
i l
I Is  i II I8 â l ô „ ^* l l 5 | | | | | s g S ü 6 ± Ï S 4 ^ t i 3 3 5 3 3 3 3 5 3 3  S |
D l l l i i i l i l i i i i i i l i i i i i l i i i i î i l  *
Iff
I I I
t : S S 8 8 B S 8 8 8 8 S B ! 5 S 8 8 8 S S 8 8 R 8 S 8 S 8 8 S 8  5 8
l O I D l O O l O C D I O l O l O l O I D O i D I O l O l O l O O i D I O l D I O l O l D I D I O l O l O l O l D I O  O  CD CX Ch
s s s s i s s s s a s s s s s a s s s s s s i i s s s s s s s  s i  s a
1
I
a
I ' a s s B S S s s s s s i
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
127
s | i3 lU C
* * * * * * * * * * * * * * *  
m p  p  p  T  ^  M •  ®. ®. «  ®. (n(oio<Dio«o(h(Oaoio^^^Ŷ
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APPENDIX 2.
Uranium Decay Series
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T \ o '  P = 9 t'
24 Id 1 I 8 m / 2 48*10'’y
, = 4 77MeVi72V.I  
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The uranium {An +  2) decay series
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The actinium {An +  3) decay series
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APPENDIX 3.
Radiochemical Method
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Isotopic Analysis of Uranium in Spring and Surface Waters
Abstract
Surface and ground water samples are spiked with a internal yield tracer, precipitated with 
iron carrier, and uranium is separated by anion exchange in hydrochloric acid. Following 
separation from interfering metals and other naturally occurring alpha emitters, uranium is 
electrodeposited as a thin film onto a stainless steel planchet and quantified using alpha 
spectroscopy.
I. Sample Preparation:
a) Into a Pyrex glass beaker, measure either by mass (1 gram = I ml) or volume, 
a sample aliquot between 500 and 3000 ml (0.5 to 3.0 Liters).
b) Add a known quantity of calibrated tracer solution, approximately 10 to 
20 mg of iron (in an acidic carrier solution) per liter of sample, and 5 ml of 
30% hydrogen peroxide.
c) Place the samples on a hotplate and heat on high temperature to decompose 
the hydrogen peroxide and devolve any dissolved carbon dioxide in the water.
d) Remove samples from heat one at a time and after a short cooling period 
(~ 5 minutes) add concentrated ammonium hydroxide to precipitate the iron 
carrier from the sample. The ammonium hydroxide should be added slowly and 
larger samples should be stirred with a glass rod to ensure complete mixing. 
Allow the precipitated samples to cool and the orange-brown iron hydroxide 
formed to settle to the bottom of the beaker.
e) Aspirate or decant the supernatant from each beaker taking care to not to 
lose the iron hydroxide precipitate containing the uranium fraction. The final
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separation of the precipitate from the liquid is accomplished by centrifuging the 
reduced volume containing the precipitate in a 50 ml centrifuge tube at ~ 2000 
rpm for several minutes. The supemate can be poured off at this point and the 
remaining iron hydroxide pellet dissolved with 20 -30 ml’s of concentrated 
hydrochloric acid, poured into a small Pyrex beaker, and dried on low heat to an 
orange-white cake (uranium cake) (Note: the precipitation step may need to be 
repeated for samples containing a large amount of dissolved solids. Generally, a 
single precipitation step is adequate for most spring and ground water samples.)
n . Column Preparation:
a) Prepare columns with 25 ml, 1X2 (50-100 mesh) resin. Cl form). Water is 
added to the resin and added to the columns as a slurry. Once the resin has 
been packed into the column by gravity flow a small amount of acid-washed 
sand is added to cap the resin.
b) Rinse column with 30 ml conc. HCL at gravity flow rate.
c) Rinse column with 100 ml 6H HCL* at gravity flow rate allowing a small 
amount of acid to remain on the top of the resin. (Columns should not be 
allowed to dry out or “channeling” may occur in the resin).
m . Sample Preparation:
a) Add 50 ml 6K HCL to each sample beaker and heat on low - 
medium temperature until the dried sample cake dissolves.
b) Remove samples from hotplate and add an additional 50 ml 
6N HCL to each beaker - samples are ready for the columns.
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IV. Column Procedure:
a) Transfer samples to column reservoirs and elute at a flow rate of 1 
drop/second discard eluant.
b) Add 150 ml HCL/H2O/HI solution - discard eluant.
The mixed acid is prepared as follows: ( These volumes will make enough 
HCL/H2O/HI solution to run 12 columns).
In a 2000 ml graduated cylinder combine:
1) 1400 ml HCL
2) 400 ml H2O
3) 62 ml HI (47% Hydroiodic Acid) - use 100 ml grad, cylinder 
to measure).
* Note: 6N HCL is equal volumes of water and acid, e.g., 1000 ml H2O / 1000 ml HCL
c) Rinse column with 60 ml 9K HCL - discard eluant.
V. Sample collection:
a) Place a 250 ml beaker containing 1 ml sulfuric acid under each column.
b) elute uranium fi’om column with 150 ml L2 N HCL*.
c) add ~ 2 ml hydrogen peroxide to each beaker and place on a hotplate at low 
temperature. Watch glasses can be used to partially cover the beakers to slow 
the evaporation process. (Use only low heat setting to avoid evaporating the 
sulfuric acid fi’om the beakers.)
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d) remove samples from heat as soon as only sulfuric acid is left in the 
beaker. This usually takes overnight on low temperature.
e) prepare 9N HCL by combining 1500 ml conc. HCL and 500 ml H%0.
f) prepare 1.2 N HCL by measuring 200 ml conc. HCL into a 250 ml graduated 
cylinder and pouring the contents into a 2000  ml graduated cylinder - then fill to 
2000 ml line by adding water. (The 200 ml conc. HCL is easier to measure with 
the smaller graduated cylinder).
VI. When all the HCL acid has evaporated and only sulfuric acid remains the samples 
are ready for thin-layer electrodeposition and counting by alpha pulse height analysis.
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APPENDIX 4.
Quality Assurance Records
l^ational pureau of âtanharbg
Certificate
a.6 a, : 1
1200 EST 14 B»b Ua« 
SBM4324
AAOIQACTtVC
Standard Reference M aterial 4324  
Radioactivity Standard c
A.4 f:
R ad io n u c lid e  
S ource id e n c i f ic a c lo n  
Source d e s c r ip c lo n
S o lu c io n  c o a p o s lc lo n
S o lu t io n  mass
R efe ren ce  cime
R a d io a c c iv lc y  c o n c e n tra c io n
Random u n c e r ta in ty
S y s te m a tic  u n c e r ta in ty
T o ta l  u n c e r ta in ty  
(Random p lu s  • sy s te m a tic )
Alpha " p a r t i c l e  - emi c t i n g  im p u r i t ie s
H a lf  l i f e
M easu ring  in s tru m e n ts
Uranium-232
6324
L iqu id  in  5-ml f la m e -s e a le d  
g la s s  ampoule
Uranium -232 In  2 -m o la r 
n i t r i c  a c id
A pproxim ately  3 grams
1400 EST. 14 F eb ru a ry  1984
82.6 Bq g'*
0 .4  p e rc e n t
l . l  p e r c e n t
1.5 p e r c e n t
None d e te c te d
69.8  ± 1 .0  y e a rs
NBS •O .S x 'o  and " O .le - a  
d e f in e d - s o l id - a n g le  c o u n te rs  
w ith  s c l n c l l l a t l o n  d e te c to r s
T his S tan d a rd  R e fe re n c e  M a te r ia l  was p re p a re d  In th e  C e n te r  f o r  R a d ia tio n  R esearch . 
N uclear R a d ia tio n  D iv is io n .  R a d io a c t iv i ty  Croup. Dale 0 . Hoppen. Croup L eader.
C a lc h e rsb u rg . HD 20899 
May 1984
S tan ley  D. R a sb e r ry . C h ief
O ffice  o f  S ta n d a rd  R efe ren ce  M a te ria ls
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